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ABSTRACT

This dissertation presents a methodology to determine the approximate closing
speed of a striking vehicle and resultant delta-v of the struck vehicle in low speed
collinear rear impacts through analysis of the paint damage pattern evident on the struck
vehicle's rear bumper. This methodology is only applicable to collisions between
vehicles that possess painted flexible plastic foam supported bumpers. Five impacts at
each of 2.5, 4.1, and 5.9 mph mean speeds and three impacts at 8.1 mph mean speeds
were conducted to provide the foundation for this methodology.
The use of powdered guidecoat is introduced to contrast the damage pattern on
the bumper of the struck vehicle. A measurement of the damage area is obtained and that
damage area is then correlated to a closing velocity between the two vehicles.
Empirically measured coefficients of restitution and calculated quantities of energy
absorbed are also presented for each impact.
The relationship between struck vehicle paint damage area and impact speed was
found to be strongly statistically significant (p < 0.001 ). A positive correlation was found
between struck vehicle bumper paint damage and struck vehicle delta-v, with an r-value
of 0.978 at a statistically significant level (p < 0.001). The applied paint film thickness
ix

was measured for each bumper and found to have no statistically significant effect on
paint damage area (p = 0.108). The research proved that bumper cover paint damage
could be used to determine certain kinematic parameters of the vehicles involved in the
impact to a reasonable degree of accuracy. A fascia damage scale is provided at the
conclusion of the work that concisely summarizes the results.
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PART I
JUSTIFICATION AND FOUNDATION
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CHAPTER I

Justification

In our current age the human being and the automobile are closely intertwined.
Humans need to travel, and for the majority of the people in the United States and other
industrialized countries, the automobile is the preferred mode of transportation.
As soon as there was more than one automobile in use, notwithstanding single
vehicle crashes, it was inevitable that eventually one would impact another, and forever
thereafter the automobile crash has become a facet of an automobile society. The sheer
number of variables involved in automobile impacts almost guarantees that no two
crashes will ever be completely identical, but it is apparent that there are certain types of
crashes that occur more frequently with respect to direction and orientation of the
colliding vehicles. This dissertation is concerned with front-to-rear vehicle-to-vehicle
collisions that occur in a collinear manner at speeds between 2 and 9 miles per hour.
Higher-speed collisions have been investigated thoroughly in various scientific
fields (229, 88, 130, 236, 95, 46, 66, 1 14, 10 1, 57). Methodologies have been developed
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and validated that enable a qualified person to reconstruct crashes to a reasonable degree
of certainty. Vehicle speed at the time of impact is often a desired quantity, but in cases
of minor collisions where the impact speeds are likely under 10 mph, there is currently no
common, reliable, and established methodology for determining a refined impact speed
estimate with a very high degree of engineering certainty for vehicles that have painted
flexible plastic bumpers supported by energy-absorbing foam. This is not to say that such
a methodology has not been attempted to be developed, as research regarding low-speed
impacts is plentiful in the scientific body of literature. King et al studied automobile
bumper behavior in low speed impacts in 1993 (135), Rosenbluth and Hicks attempted to
present a methodology in 1994 for vehicles with energy absorbing bumpers (226), Bailey
et al presented an excellent paper using Momentum-Energy-Restitution analysis to study
the same types of energy absorbing bumper equipped vehicles in 1995 (14), and King et
al compared instrumentation devices used in low speed rear impacts in 1998 (133). These
are just a few examples of the literature that is reviewed in detail in Chapter 9 of Part I of
this dissertation, but these examples all studied vehicles that had different bumper
assemblies than the ones found on the vehicles used in this testing. Cipriani in 2002 (56)
and Happer in 2003 (106) did conduct some low speed rear impact testing using vehicles
equipped with painted flexible plastic foam supported bumpers, but they did not make
any effort to quantify the paint damage that resulted from their impact tests.
This is significant from a human factors standpoint because low-speed rear
impacts are often implicated as causing debilitating cervical injuries in persons who are
occupying the struck vehicle. This type of cervical injury is known colloquially as
"whiplash" or more formally as Whiplash Associated Disorder (WAD). The desire for
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being able to determine an impact speed from bumper damage is so prevalent that the
question "Is there a way to determine how fast a car was going during a rear end crash
based on the damaged bumpers?" is actually listed in the National Highway Traffic
Safety Administration's (NHTSA) webpage regarding bumpers in general (176).
Low-speed rear impacts and the injuries that are associated with them are
arguably the most controversial topic of automotive medicine. It is an area that crosses
the boundaries of many different disciplines, such as engineering science, medical
science, biomedical engineering, human factors, psychology, and the chiropractic
profession. This dissertation is not concerned with searching for the grand unified theory
that will resolve all WAD controversy, but rather is focused on furthering the research
that has been performed in the biomedical and biomechanical sciences regarding injury
thresholds and the acceleration levels required to reach them in laboratory environments.
Specifically, the research in this dissertation has created a methodology that enables a
reasonable correlation to be drawn between quantifiable damage sustained by the painted
flexible foam supported plastic bumper of the struck vehicle and the resultant delta-v that
the struck vehicle experiences. This can then be combined with existing literature relating
struck vehicle delta-v to occupant kinematics and then further extended to empirically
recorded occupant symptoms and the likelihood of occupant injury during such an
impact.
The need for this research was borne from two observations. The first was the
realization that although most late-model passenger automobiles on the road today have
painted flexible foam supported plastic bumpers, thus far it appears that no published
research exists that has attempted to quantify paint and substrate damage to these
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bumpers with respect to impact speed. Numerous searches through scientific databases
have been made, and there have been several articles obtained that investigate bumper
behavior in low-speed impacts, but none of them quantified paint damage on painted
flexible foam-supported plastic bumpers. Nearly all of the vehicles tested in the research
in question were equipped with rigid steel or rubber bumpers, or had the original painted
bumpers modified with protective foam so as not to damage the bumper faces during the
impact (274). Also, of the research that was found regarding bumper behavior in low
speed impacts, none was found that attempted to obtain statistical repeatability by
evaluating more than one bumper combination at one impact speed. The research that
was found was very valuable, however, and it did establish that bumper damage can be
used as a means of determining the resultant acceleration of the struck vehicle. One
reason for the dearth of research on these types of bumpers may well be the cost
associated with conducting meaningful testing on painted bumpers. It is not an easy
matter to obtain brand-new painted bumpers, as they cannot be purchased pre-painted
from OEM parts dealers, and to have them painted by an aftermarket source leaves open
a host of variables that can not be controlled, such as paint thickness, material type, and
percent cure. It is difficult to estimate the costs associated with such an endeavor, but a
brand-new bumper cover for a Ford Taurus retails for around $400, and the expense
incurred by an average body shop to paint the bumpers properly with the appropriate
products would likely be around $300 each. There would have to some way of verifying
that the materials used were the same, or similar, to the ones used by the OEM
manufacturers at the factory and that the application procedures are as identical as
possible, too. This is no small concern, as the margin of profit in the average body shop is
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slim and is based almost solely on time and materials, which means that the incentive
exists to reduce materials usage and increase cycle time to increase profit. Even assuming
that the shop does adhere to the correct procedures and materials, there is still the issue of
applying the material in the correct thicknesses. And if the bumpers were to be re-used,
the body shop would have to follow a different procedure than it normally does to sand
and refinish the bumpers than is usually practiced in the industry. The details of the
complexities and differences involved in this process are covered in great detail in
Chapter 2 of Part II of this dissertation. Other than repainting bumpers that have been
purchased separately, the remaining option would be to obtain a certain number of brand
new vehicles of the same model and year and harvest the bumpers from them for testing
on one vehicle. This is clearly an expensive proposition, and no articles have been found
that purchased brand new vehicles solely for testing their bumpers in low-speed rear
impacts. With regard to purchasing bumpers and then repainting them, there exist a
tremendous number of variables and uncertainty involved, as well as cost and skill, which
likely seem to invalidate such an approach early on in the brainstorming phase of such
research. In reality, however, such obstacles were not impossible to overcome.
The second observation that motivated this research stemmed from personal
experience as an automotive painter. In repainting flexible plastic bumpers that had been
involved in low-speed impacts, there was nearly always readily observable damage in the
form of radial cracking and contact scuffing in the bumper paint. Sometimes the surface
area of the cracking and contact scuffing would be large, covering half of a bumper face,
and sometimes the cracking and scuffing would be smaller, not more than a few square
inches. In automotive refinish venues this cracking is simply sanded away along with the
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rest of the paint to make way for the fresh application of material, but after discovering
the lack of work regarding painted flexible bumpers in the engineering literature, the
thought of investigating the possible correlation of this cracking and scuffing and other
types of paint damage in general to impact speed and then to struck vehicle acceleration
became very interesting.
If such a correlation were possible, and could be demonstrated on just one type of
painted, flexible bumper, then the resulting work would be a small but credible
contribution to the body of literature regarding crash reconstruction. Part of the
controversy surrounding cervical injuries suffered by occupants involved in low speed
rear impacts in vehicles equipped with foam-supported flexible plastic bumpers is that
there is often no reliably precise method of quantifying the acceleration levels that the
occupant was exposed to during the impact, and the resulting analysis is more speculation
than science. Even objective methods that attempt to use mathematical modeling, such as
Momentum-Energy-Restitution (MER) theory, critically rely on assumed values for the
Coefficient of Restitution (COR) and the energy absorbed during the impact. Although
there is a significant amount of COR data published on energy absorbing bumper and
rigid bumper structures, there is less research performed on COR values for painted
flexible plastic foam supported bumpers. There is also very little research that has been
performed on reliably estimating the energy absorbed by these same bumpers, which can
reduce the potential accuracy of MER analysis. Given the high sensitivity of these figures
in low speed impacts, especially with the lack of data on the specific bumper types, the
potential for error and misunderstanding in the application of these methods is
significant. A simpler, more direct, and more reliable methodology that enables bumper
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damage to be related to closing (impact) speed and struck vehicle delta-v has merit in the
reconstruction community.
There have been many studies done on low-speed rear impacts and how they
injure the human occupant. As of 1995, the Quebec Task Force on Whiplash Syndrome
claimed to have found over 10,000 research articles dealing with some aspect of whiplash
injury (242). One would surmise that the enormous amount of work done to investigate
this particular injury would have certainly illuminated everything there exists to know
about how it occurs. In performing a cursory review of some recent articles concerning
whiplash injury, however, it became clear that there is still ongoing debate among the
many parties actively studying this particular type of neck injury. Additionally, many
researchers openly admit that all aspects of whiplash injury are still not yet fully
understood (129, 2 17, 2 12, 164, 263, 6 1). Controversy still exists in many areas that have
been investigated at length. Some of these areas are:

•

The definition of "whiplash" (97, 208)

•

the grading of injury (232)

•

the actual characteristic injury mechanisms that are likely to contribute to
cervical spinal injury (18, 1 11, 232, 192, 248, 77)

•

the effect of misrepresentation of pain for financial gain (231)

•

the parts of the cervical spine that may be damaged in whiplash and that
are responsible for symptom manifestation (152, 256, 20 1)

•

the extent of the role of psychosocial factors in the presentation of
symptoms (51, 2 17, 2 13, 263)
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•

the role that pre-existing degenerative diseases play in whiplash injury
(81, 186, 250)

•

the possibility of patient malingering or exaggeration of long-term pain
(50, 154)

•

the efficacies of different treatment procedures (3 1, 47, 152)

•

the very number of people estimated to suffer from whiplash injury (93,
81)

The preliminary exploration of the body of research on whiplash syndrome
revealed that there were several different theories on the actual mechanism of injury.
Whiplash injury articles appear to have been published by every conceivable profession
even remotely related to human condition. As the literature search became more in-depth
four identifiable groups became most prominent. They are, in no particular order, medical
doctors, engineers, psychological professionals, and to a lesser extent, chiropractors. The
chiropractic community has also produced several articles concerning whiplash injury,
but as the research in some of those articles was more deeply investigated, problems of
bias and a lack of scientific rigor began to appear in some of the arguments of the
authors. Specifically, there appeared to be an agenda for justifying chiropractic efforts in
curing whiplash, and some of the papers reviewed tenuously claimed expertise in the area
of biomechanics based solely on chiropractic education and experience (6 1, 92, 93). A
few papers that performed instrumented testing selected certain results of that testing to
endorse a specific opinion and ignored other data that contradicted their intended
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message. As a result, a decision was made to discontinue pursuing research papers from
these sources.
It soon became obvious that in order to advance the state of the art of the body of
knowledge regarding low-speed vehicle impacts a sizable literature search would have to
be performed. As the literature search progressed, several seminal articles were obtained
as well as large scale studies that had been given a high degree of credibility by the
majority of the somewhat eclectic research community that concerned itself with
whiplash. These articles then formed the foundation for the literature search in this work.
The overriding concern in the current research is still summed up succinctly in the
following question: how is it possible that this much scientific brainpower and effort have
not yet presented a clear and globally accepted picture of how rear-end collisions affect
the occupant of the struck vehicle? Again, an explanation to this question is emphatically
not one of the raisons d'etre for this dissertation. This dissertation is intended to
contribute to the body of knowledge by providing a correlation between occupant
acceleration and vehicle damage in low-speed rear end impacts. It is essentially a bridge
between the biomedical camp and the engineer's camp with respect to relevant research.
The engineering side of the investigative community has done a thorough job of
correlating specific accident metrics and acceleration to injury, and the medical side has
done an excellent job of identifying possible mechanisms of injury and long-term acute
pain related to whiplash injuries. From the engineering side, low-speed rear impacts
introduce the phenomena of restitution of the vehicle structure, and while many articles
have been written that quantify this with respect to low-speed rear impacts, the damage to
the vehicle is often generalized and lacking in detail.
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Another distinction that can be made in all of the articles reviewed is that of the
testing methodology. Several different approaches are used, and shared, by both the
engineering and medical camps in the study of whiplash associated disorders. Sled
testing, where the subject of study is mounted on a platform that is in tum mounted on a
rail system to provide one-degree of freedom of motion, has been used in the literature to
test human volunteers (129), human cadavers (168, 169), monkeys (203),
anthropomorphic test dummies such as the General Motors Hybrid III dummies (35, 98),
isolated sections of cadaveric vertebrae ( 104, 20 1), and isolated sections of mechanical
dummy vertebrae (98). Another testing methodology commonly used in the literature is
actual vehicle testing where real vehicles are bumped into each other at low speeds (4 1,
56, 106, 133, 135, 163, 164, 232, 233-237, 249-252). This testing is seen to be used more
by the engineers than the medical researchers, but it can be found in both camps as well
as some articles authored by chiropractors. In real vehicle testing there is most often a
human volunteer that has been instrumented with a variety of accelerometers and sensors
linked to a central data acquisition point. The impact speeds are normally kept below the
established threshold for injury. Correlation is sought between occupant head and chest
acceleration and motion that resembles the established motions associated with whiplash
disorder in previous studies. Angles of extension and hyperflexion of the subject's
vertebrae are measured with high-speed photography and then correlated with the delta-v
of the struck vehicle. Occasionally anthropomorphic dummies are used in this research
also.
Epidemiology is another technique employed to research whiplash associated
disorder. This technique is found mainly among medical researchers (17, 37, 38, 2 12,
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218, 264). This type of research generally identifies a general population through
insurance or accident records and then studies in detail a further subset of that universal
population. These studies are very interesting for their broad view and large sample sizes
and would seem to promise important illumination of the general nature of whiplash
disorder. However, many of the studies performed come under sharp criticism for
strategically picking populations that will reflect the pre-determined hypotheses of the
researchers performing the work. For example, a study that looked at the epidemiology of
whiplash associated disorders in Croatia based on accident reports was faulted for
ignoring the fact that the majority of drivers in Croatia would prefer to avoid interaction
with persons of authority. Therefore, the critics argued, many of the drivers involved in
low-speed collisions where the injuries are not life-threatening and the damage doesn't
render the vehicles un-drivable will likely go unreported (231).
Most of the physiological damage that has been documented has been in the
cervical vertebra region of the spine C l -C7 (36, 47, 65, 67, 81, 99, 104, 107, 110, 120,
129, 174, 192, 221). Many different experimental techniques have been utilized to try to
gather data about the dynamics of the human neck in rear impacts. High speed video,
accelerometers, autopsy, cineradiography, roentgenograms, magnetic resonance imaging,
cryomicrotomy, and electromyography are some of the various and unique tools found in
the literature cited above. Many different biomechanical parts of the human body have
been proposed and subsequently examined as culprits in the cause of the pain that
sufferers experience. Facet joints, muscles, vertebral discs, vertebrae themselves,
ligaments, cervical sympathetic nerves, temporomandibular joints, zygapophysial joints,
synovial folds, and the vestibular system are all examples of parts falling into this
13

category, and this is by no means an all-inclusive list. The most significant contribution
by the voluminous research up to this point is the establishment of a generally accepted
threshold of impact at which physiological injury occurs. This threshold can be expressed
in several different ways, such as cervical acceleration, occupant head acceleration, limits
of the range of motion, and the most popular metric, delta-V. A thorough discussion of
these parameters is necessary to understand how each is measured and compared and will
be provided in a subsequent chapter.
Van Koch (1994) found that 50% of all long-term traffic injuries are neck injuries.
Temming (1998) found that of those 50%, 25% were from low-speed rear impacts.
Eichberger (1996) determined that 90% of neck injuries in rear impacts occur at delta-V
levels of 25 km/hr or less. Neck sprains are reported in 20 to 60 percent of all accidents
and are common to all Western countries without exception (254). Bourbeau et al report
that occupants involved in a rear or side impact in the same direction are four times more
likely to sustain a neck sprain compared to occupants involved in a front or side impact
from the opposite direction (37). The exact number of neck injuries resulting from rear
impacts is still unknown and somewhat controversial (IIHS, 81, 92, 177) but the best
estimates put the number at approximately 1,000,000, with over $7,000,000,000 in
insurance claims paid out (HHS). Over $29 billion per year is spent on whiplash injuries
and litigation in the US (93), but this is a rather extreme figure that comes from the
chiropractic community. Another more realistic estimate puts the societal cost of
whiplash injuries at $4.5 billion (278). Yet another estimate from Barnsley, Lord, and
Bogduk based on uncited studies from the 1970's place the number of Americans
involved in rear-end collisions at around 1.9% of the total population. They then combine
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this with States et al's estimate that 20% of the occupants involved in a rear-end collision
will develop symptoms from their neck (17) and arrive at a figure of 3.8 cases of
whiplash per 1000 population, which equals about 1,140,000 new cases of whiplash each
year. This is concurrent with estimates submitted by Evans (81) based on numbers from
the National Safety Council which peg the number of new whiplash cases at 1,000,000
per year. This further reinforces the estimate of about one million cases per year. An
independent insurance study referenced by Freeman and Croft (91) determined that 53%
of motor vehicle crash injuries include whiplash injuries; the National Highway Traffic
Safety Administration reports that 2,926,000 people were injured in motor vehicle
crashes in America in 2002, which would indicate that of that number approximately
1,550,000 suffered some form of neck injury that was identified as whiplash (175). This
number is high compared to other credible estimates already mentioned, and possibly
reflects the bias observed in the insurance article. Even acknowledging this, though, the
extent of the impact of whiplash injury on society is well documented, and the costs are
significant.
The reasons justifying further research into the area of low speed rear impacts and
associated occupant injury are outlined above. Justification for the actual methodology of
the research is somewhat different. As stated above, there is an enormous amount of
material regarding the subjects of neck injury and low speed rear impacts, and in most
cases the research comes from two separate genres. In any scientific endeavor, the work
that has already been completed in a certain area must be known before new
contributions can be made. This is customarily referred to as a literature review and is
vital to understanding the most current state of the research in question in order to design
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research that will contribute to the body of knowledge further. The huge amount of
material regarding the subject matter of this dissertation, however, presented a challenge
to the researcher because of the enormity of the literature review task. The review itself
was expensive, demanding, and lengthy, and there is a definite need to have a single
document which contains reviews of the most relevant highest-quality research regarding
this subject matter. The academic value of this kind of compilation is difficult to
overstate, as it also provides the opportunity to review the prior work in chronological
order so that the direction of scientific thought can be followed through the progression
of time. There were too many occasions in which several papers were reviewed, a
tantalizing idea of research was generated, and work investigated toward that end when
an esoteric article would be found that immediately obviated the investment of time and
effort spent in that direction. The creation of an individual document that reviews most of
the articles that have done thorough and valuable research into this subject matter would
be valuable in the sense that researchers could be provided with a way to efficiently learn
about prior work and then be able to more efficiently design and conduct research that
has not been done previously.
An additional benefit that may be realized is the formulation of new ideas and
theories between the medical and engineering genres. It is challenging to make
connections between research when there are 275 research articles (or more) covering all
of the surface area of a workspace, even if they are laid out and organized in the best way
possible. By organizing reviews that are more consistent and detailed than the abstracts
and are arranged in chronological order, developments between the two fields could be
more easily tracked and understood.
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The vehicle crash testing research in Part II of this dissertation will contribute to
the fields of automotive engineering and crash reconstruction. It will also provide a
means of determining the closing speeds of the vehicles at impact. Nearly all of the
published research reviewed was concerned with correlating occupant acceleration to a
particular delta-v of the struck vehicle, and pre-impact velocities were not mentioned
other than to say a particular impact velocity was empirically determined in order to
impart a specific delta-v to the struck vehicle. The differences in the newer flexible
plastic bumper construction may be able to reveal more information about a particular
impact velocity than the older, more rigid bumpers, specifically by allowing a certain
impact velocity to be determined by the damage pattern observed on the bumper itself.
The resulting data will fill in the void that currently exists with respect to low speed
impact data on foam supported flexible plastic bumpers, and it also provides a means of
determining the impact velocity of the striking vehicle if the struck vehicle is at rest.
The research that has been done by other investigators is good and very valuable
to the scientific community. Details about the other research can be found in the Chapter
9 of Part I titled Similar Research.
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CHAPTER 2

How Crashes Damage Tissue

Injuries in motor vehicle accidents are usually caused by impact of the occupant's
body with some other surface. This surface could be part of the vehicle, another
occupant, or an unsecured object in the vehicle. Impact injuries can be divided into three
classes: bone damage, soft tissue injury, and internal organ injury. Whiplash injury falls
into the category of soft tissue injury.
Serious injuries can be sustained from the accelerations caused by the delta-v that
the vehicle, and thus the occupants, experience during impact with the interior of the
vehicle. The internal forces arising from these accelerations can cause internal injury.
Obviously, there is some level of acceleration that exceeds the threshold of injury for the
human body, and the issue that is pertinent to this work is to define where it is. In the
early 1 950's Dr. John Paul Stapp conducted research into the acceleration limits at which
injury occurs. The maximum accelerations that Dr. Stapp experienced were on the order
of 40 g to 50 g, or 1 288 ft/sec/sec to 1 6 1 0 ft/sec/sec, and there was some injury inflicted
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onto Dr. Stapp at this level, most notably the hernias, which are defined as "the
protrusion of an organ through an abdominal opening in the muscle wall of the cavity that
surrounds it" (10). In the crash that killed Diana of Wales the levels of acceleration were
estimated to be between 70 and 100 G's (78). The injury that claimed Diana's life was a
rupture of her pulmonary vein and was caused by the forces arising from her rapid
negative acceleration as the Mercedes-Benz S-Class she was riding in collided with a
concrete tunnel pillar in France in 1997 (187). Diana was unrestrained in the rear seat of
the vehicle and was thrust forward into the seatback in front of her as the collision
occurred. This impact caused her body and internal organs to undergo a large negative
acceleration. Her heart then experienced a unique injury wherein the pulmonary vein is
impacted as it is filled with blood, which behaves as an incompressible fluid. The elastic
strain on the wall of the vein exceeds its yield point and the vein ruptured, resulting in
internal hemorrhage. It is the internal forces arising from this acceleration that produce
injury. Injuries that are experienced as a result of occupant tissue mass even in cases
where the occupant has been restrained have been personally witnessed by the author.
One such example is a heavyset female, approximately 50 years old and weighing 275
lbs, that suffered permanent and critical injuries when her body tissue tore itself apart
internally. Her body was restrained by the three-point seatbelt but her midsection tissue
on both sides of the mid-sagittal plane of the belt was not. The mass of the tissue that was
not restrained by the belt continued forward during the negative acceleration of the
impact and the occupant suffered internal injuries as a result of the internal deformation.
The occupant also suffered external bruising from the contact with the restraint but would
have almost certainly died without it.
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In both of these cases it is the internal forces produced by the mass of the moving
tissue in conjunction with the acceleration of said tissue that produces forces that exceed
the internal elastic yield strengths of the tissues and result in injury.
Automobile crashes can result in tissue damage in several different ways. No two
crashes are exactly alike, and neither will be the injuries of the occupants. Any life
threatening injury sustained in a crash can be considered serious, and serious injuries and
fatalities are not relegated to only the most severe crashes, but in general terms there is an
increasing likelihood of serious injury with increasing accident severity and increasing
change in the velocity of the vehicle during the duration of impact, otherwise known as
"delta-v". Given those qualifiers, one of the most serious ways for a m,otor vehicle
occupant to be injured is the actual intrusion of foreign objects into the body of the
occupant. This can happen in cases where the safety cage surrounding the occupant
becomes compromised and the resulting plastic deformation of the vehicle intrudes into
the occupant themselves. This is normally seen in only the most severe accidents, as
passenger safety cage technology has advanced tremendously over the past few decades
with the advent of finite-element structural modeling and instrumented empirical crash
testing.
Another way in which occupants can be injured in motor vehicle accidents is the
physical contact with an interior surface of the vehicle during their motion as the vehicle
undergoes rapid negative acceleration. This is the "second collision" that is referred to in
motor vehicle crash literature (66). It is difficult to quantify the impact of an occupant
onto the interior because the body of an occupant is not a rigid body and any analysis
using Newton's second law assumes that the object is a rigid body. The error that is
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introduced using such an assumption can be as high as three times the actual force (203).
Ideally the procedure would be to find the delta-v experienced by the occupant, dividing
that by the time over which it occurs to yield an acceleration, and then obtaining a force
of impact from that acceleration. In spite of the difficulty in strictly applying Newton's
second law, however, acceleration is still valid to use as a measure of injury and crash
severity. As stated by Lawrence M. Patrick, one of the most prominent researchers in the
field of crash biomechanics, "While impact forces cannot be calculated from mass and
acceleration on nonrigid bodies, the use of acceleration as the injury parameter is still
valid, if used consistently, and has the advantage that the same configuration can be used
to impact a passenger compartment component as was used in establishing the tolerance
level. Accelerometers mounted on the back of the head of a cadaver have produced the
most valid scale of injury as a function of impact velocity." (203).
If the deformation of the interior surface and occupant is known, then an
approximation of the energy that the occupant and the surface absorbed can be roughly
estimated. This can then be compared to the calculation of energy from the delta-v
experienced by the occupant during the overall crash sequence, but again, the rigid body
caveat applies.
Kinetic energy is defined as being equal to ½mv2 , and given that the mass of the
occupant stays constant, it is the change in velocity, commonly referred to as "delta-v",
that represents the transfer of energy to the occupant. This energy transfer is then the
work done on the occupant by the object the occupant impacts (W = F x d). The
mechanics of an automobile impact on a given object not only include tensile,
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compressive, shear, torsional, and bending strengths but also the transfer, dissipation, and
absorption of the energy.
The majority of tissue damage isn't dependent on energy deposition, but rather on
how that energy is used. This means that simple kinetic energy absorption by elastic
tissue does not usually in itself damage the tissue. Rather, it is damaged by stress (force
per area) on the tissue itself. This stress results from the way in which the deposited
energy is distributed through the tissue. This gives rise to another variable, that of the
mechanical and physical properties of the tissue that the energy disperses in. Elastic
tissue such as muscle, fat, bowel wall, lung, etc., have a high degree of elasticity and can
absorb large amounts of energy and therefore stress with little, if any, damage. Tissues
such as the brain, spleen, liver, bone, etc., do not absorb large stresses without damage.
These tissues, upon exceeding their elastic limit of deformation, will deform plastically.
The plastic deformation is classified as tissue damage. It should be noted that some
argument still exists as to what energy levels are required to produce the stresses
necessary to exceed the elastic limit in human tissue.
To be precise, the delta-v term should be accompanied by either a time over
which the velocity change occurs, thus yielding an acceleration, or a distance over which
it occurs, thus yielding a force (KE = 1 /2m�v2 , F = KE/d). In the usual reference of delta
v experienced in automobile crashes the time over which it occurs is assumed to be on the
order of hundreds of milliseconds, which is the duration of a typical acceleration event in
these cases.
The National Automotive Sampling Service (NASS), which has over 20,000
crashes in its database, has calculated the associated delta-v for most of the accidents in
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its database and done so using the deformation of the vehicle as the source of the
information (45, 224). The generally accepted practice of associating accident severity
with delta-v has led to analysis of the NASS data that correlate AIS 3+ injuries occurring
at a delta-v of around 34 mph and fatalities occurring somewhat higher. It should also be
noted that the paper published by Roberts et al (224), though referring to delta-v figures,
might actually be presenting EBS figures as calculated from vehicle crush.
The relationship between crash severity and whiplash injury is another
controversial facet of the subject of whiplash. This is one area where the split between
opinions in the medical literature and the engineering literature is somewhat more
defined. Epidemiological studies have shown that there is no relation between whiplash
injury, long term pain, and crash severity (247, 217, 186). These studies are conducted
mostly by medical doctors and involve extensive questionnaires or patient examinations.
Some large scale NASS studies have been conducted by engineers and also fall into this
category.
Empirical studies have shown that there is a relationship between many of the
parameters used to quantify vehicle impacts and certain parameters used to quantify
occupant injury (163, 156, 235, 249). These studies are usually conducted by engineers,
although there are many medical professionals also involved in this research. The
research seen in empirical studies usually involves vehicle-to-vehicle impacts, in-vivo
and in-vitro human volunteer sled tests, animal sled tests, and anthropomorphic test
dummy sled tests. These studies have identified objective force and displacement
thresholds at which injury has been documented to occur in in-vitro human cervical
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cadaveric spine sled tests, animal tests and anthropomorphic dummy tests based on
human injury force thresholds established in other studies.
A third area of research exists that is mainly composed of medical doctors who
have performed autopsies on fatal motor vehicle accident victims (253, 254, 10 1, 126).
This work is particularly interesting to review in light of the documented cervical damage
that has been found in these accident victims. The weakness of these studies is that the
majority of the victims were involved in very severe crashes and as a result have been
subject to many different types of trauma during their accident. A subset of this category
of research is the use of Magnetic Resonance Imaging (MRI) and radiography to analyze
the spines of patients that have been diagnosed with whiplash injury (65).
From any standpoint, there is no question that accident severity is correlated with
occupant injury. A front impact test into a rigid barrier can illustrate this fact. Would
running a car into a rigid barrier at 5 mph produce occupant injuries? It might, depending
on the condition of the occupant. An older occupant with a history of degenerative
disease might be hospitalized because of it, whereas a professional boxer in perfect health
likely wouldn't be injured at all. What if the speed were raised to 25 mph? The forces
involved in the collision now are comparable to hitting another car of the same mass head
on at 50 mph. Serious injury or death would likely occur to the older occupant, and some
degree of injury would be expected of the younger occupant as well. What if the speed is
increased to 75 mph? It is very likely that both types of occupants would die in such a
collision in a normal passenger car, regardless of the seatbelt and airbag systems that
standard passenger cars are equipped with. The obvious conclusion is that accident
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severity certainly does have an impact on occupant injury. How, then, can a statement be
made that seems to be in defiance of this fact?
The answer is that the many variables involved in an automobile collision make it
difficult to reliably correlate occupant injury from collision severity by itself and that in
addition to the vehicle damage and impact speeds, the physical condition of the occupant
must be taken into account as well. The means by which the severity of the accident is
measured is also of concern, because most large epidemiological studies that have made
this observation have no objective way of knowing the exact damage that occurred to the
vehicle in question. To their credit, it is difficult to establish metrics such as delta-v,
depth of crush, energy absorbed by the vehicle, and pre- and post-accident vehicle
behavior, and most of the studies reviewed performed admirable feats of attempting to
quantify the vehicle kinematics involved. The problem is that the criteria for categorizing
accident severity often rests on whether or not the vehicle was towed from the scene or a
responding police officer's best estimate of what the monetary damage was to both
vehicles. Oftentimes the vehicle owner/occupant has the option of towing the vehicle
from the scene to a repair shop rather than driving it, and reliance on a police officer's
notes is not the most preferable method for gathering reliable data. Personal experience
has shown that some accident reports are less than accurate representations of vehicle
damage and vehicle kinematics after impact (personal observations, BOA), and the
determination of pertinent accident variables such as delta-v, pre-impact speed, and
energy absorbed require a detailed analysis of all of the vehicles involved in the accident
as well as measurement of certain characteristics of the accident site.
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In spite of this criticism it is not surprising that large-scale epidemiological
studies have not been able to show a statistically significant correlation between impact
severity and whiplash injury. As stated previously, the sheer number of variables
involved in a collision combines to make every collision unique unto itself. This is not
unlike the subject of wound ballistics, where attempts like those of Evan Marshall and Ed
Sanow to show the efficacy of a certain type of projectile based on real-life shootings
have been shown to be unreliable, grossly misleading, and fundamentally flawed. In the
case of whiplash studies, however, the number of independent epidemiological studies
performed and the quality of those studies has led to some key observations. One of these
is that the incidence of whiplash injury has been found to decrease as crash severity
generally increases as determined by Kahane for the US DOT in 1982 (Technical Report
DOT HS-806-108). This suggests that the mechanism of whiplash injury is changed as
impact forces or occupant accelerations increase. There is evidence that as impact
severity increases, the position of the occupant becomes compromised and the physical
setting required for the production of whiplash injuries is altered, thus resulting in injuries
to other parts of the occupant's body. In the case of rear impacts where the severity of the
impact is greatly increased the phenomena of occupant ramping becomes an issue. This is
the tendency of the occupant to slide upward against the seatback during a significant rear
impact. The angle of inclination of the seatback has been shown to progressively increase
during rear impacts as the acceleration pulse increases (262, 2 10). The path of the
occupant during the ramping is a function of the angle of the seatback that is reached in
addition to the effectiveness of the seatbelt that is (or isn't) worn by the occupant. If the
angle of the seatback is great, then the occupant will likely strike interior components in
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the rear seat of the vehicle, such as the rear window or rear headliner. If the seatback
angle is less great and the ramping force is strong the occupant will likely strike the
center area of the headliner with his or her head. Depending on the force involved the
collision can result in serious lateral neck sprain, fractured vertebrae, spinal cord injuries
such as paraplegia, or death. Death is also much more likely to occur in situations where
the occupant is unbelted and the coefficient of friction between the occupant's clothing
and seatback is low. The interactions of leather seats and polyester clothing have a
particularly low friction coefficient, although friction between any two cloth surfaces has
been shown to decrease in the application of increasing normal forces (262, 2 1 0).
Other research supports the theory that the acceleration pulse the occupant is
exposed to is correlated with occupant neck injury. Data from the Volvo accident
database suggest this, as does research by others ( 1 24, 1 89, 1 38). Higher acceleration
impulses indicate a higher risk of neck injury, whereas lower acceleration impulses do
not correlate as strongly. Deformation of the vehicle structure is related to the impulse it
receives, with deformation of stiffer structures being an indicator of a higher impulse.
The Volvo database is particularly convincing because of its enormous data set. Although
the trend is not statistically significant, this is in accord with the results obtained in
empirical research showing objective damage at certain force and acceleration thresholds
( 1 22, 1 36).
Equivalent barrier speed (EBS) and impact speed have not been shown to
correlate with neck injury in large epidemiological studies, even though they have been
shown to be accurate predictors of occupant forces and accelerations in human volunteer
crash tests (122, 1 36, 4 1 , 1 63, 1 64).
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So, occupant injury can be correlated to crash severity in a controlled testing
environment, but large-scale epidemiological studies have shown no correlation between
crash severity and whiplash. The most likely reason is the pre-crash condition of the
occupant involved in the crash and the low impact speeds which make it difficult to
reliably quantify the levels of acceleration in the collision. The work in Part II of this
dissertation has contributed to quantifying the levels of acceleration of struck vehicles in
low speed rear impacts.
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CHAPTER 3

Definition, History, and Kinematics of Whiplash

The definition of whiplash injury is one of the factors that may partially account
for the controversy surrounding it. The term "whiplash" is not considered to be a precise
scientific term describing a single identifiable injury (81, 17) but rather is regarded as
being a collective term that describes the kinematics of the head and neck during a
sudden forward acceleration. Barnsley et al (17) state that the essential elements of
whiplash injury are that it takes place in a motor vehicle accident and that the head is
subject to acceleration forces that result in bending of the neck. They later define the term
"whiplash injury" as an injury to one or more elements of the cervical spine that arises
from inertial forces being applied to the head in the course of a motor vehicle accident
that results in the perception of neck pain. Another definition of whiplash can be found
by Cholewicki et al (54) who more loosely define a whiplash event as "a relative motion
between the head and torso that occurs in rear-end automobile collisions." The Quebec
Task Force on Whiplash Associated Disorders, one of the most exhaustive investigations
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into the phenomena of whiplash injury, defined whiplash as "an acceleration-deceleration
mechanism of energy transfer to the neck. It may result from rear end or side-impact
motor vehicle collisions, but can also occur during diving or other mishaps. The impact
may result in bony or soft-tissue injuries (whiplash injury), which in tum may lead to a
variety of clinical manifestations (whiplash-associated disorders)." (242).
When the word whiplash is used in the term "whiplash injury" it then becomes an
identifier of many different manifestations of pain that center primarily around the
cervical area of the spine. The term is not an exact diagnosis. It encompasses the
description of pain symptoms by the patient and has been used to include headache and
temporomandibular joint pain as well. The singular word "whiplash" is commonly used
by laypersons to describe a specific injury, but this is misapplication of the term.
In the literature review that was performed for this dissertation, an article by Dr.
Randolph Evans (MD, neurology) was particularly impressive for its information
regarding the early history of whiplash (81). Dr. Evans wrote a concise and
comprehensive summary of the beginnings of whiplash and most of the research that had
been published up to 1992. In it, he notes that the earliest accounts of cervical spinal
injuries may date back to the late 1800s. Descriptions of mechanisms of injury that arose
from sudden forward accelerations and that resulted in neck pain very similar to those of
whiplash injury as it is understood today have been recorded since c.1890, and the
existence of neck injury from that violent motion has been known by doctors and
engineers since at least 1919. Trimble (referenced in Evan's paper) discusses the
presentation of injuries suffered by occupants of accident-involved railroad cars that
appear to mimic the presentation of symptoms that are identified today as associated with
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whiplash injury. The affliction was common enough to warrant the colloquial term
"railway spine". Another reference that Evans cited which was not seen in any other
reviewed paper was a transcript of the opening remarks of the 1 956 Symposium on
Whiplash Injuries recorded in the International Record of Medicine, made by R.T.
McIntire. In his remarks McIntire notes that shortly after World War I the United States
Navy began experimenting with launching aircraft from conventional ships such as
battleships and cruisers. The primary method of launch was the catapult, which subjected
the pilots to large forward accelerations of short duration. The mechanics of the
acceleration were remarkably similar to the mechanics of an automobile being struck
from the rear, and the pilots were not protected adequately against this motion through
the use of headrests. There were occasional consequent injuries resulting from this
procedure, mainly centering on the cervical areas of the pilot's spine. McIntire states that
this mechanism of injury was recognized quickly and that a protective headrest for the
pilot was quickly developed " . . . so that no further damage to the neck and associated
structures occurred . . . ". This is credited by Evans as being the first recognized
mechanism of whiplash injury.
Later in 1919 H.W. Marshall wrote about neck injuries in the Boston Medical
Surgery Journal (81). Radiographic film was one of the most advanced diagnostic tools
available at this time and Marshall wrote about using this tool to better understand mild
neck injuries. His main observation was that hypertrophic changes that represented age
and event-related degenerative trauma that were compounded by new injury would result
in increasing stiffness of the neck despite further treatment. He also made several
suggestions for treatment and mentioned quite prophetically that the trend in medicine to
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render a singular diagnosis and attribute a singular treatment method was an emerging
threat to successfully managing cases of neck injury. This observation is particularly
striking because of its similarity to the current trend in whiplash injury research to
attempt to find a singular explanation for the injury.
The originator of the term "whiplash" in the medical arena is not definitively
known. The enigmatic beginnings of its use are an appropriate metaphor for the term
itself. It is possible that it was attributed to the kinematics of the head and neck by a few
independent researchers, much in the same way that calculus was developed
independently by Leibniz and Newton. A medical researcher by the name of H. Crowe
credits himself with originating the term in 1928 (81) but the symposium in which he
claims to have used the term was not published. The first appearance of the word
whiplash in medical literature occurred in 1945 in an article by A.G. Davis. The article
was titled "Injuries of the Cervical Spine" and was published in the Journal of the
American Medical Association. In the article Davis says that " . . . the great majority of
injuries to the cervical spine are in the nature of a "whip lash," (sic) and accepting the
nature of the term "whip lash" as a hyperflexion followed by spontaneous extensor recoil,
the nature of a great variety of injuries of this section of the spinal column become
understandable. . . "
Davis later used the term again when he wrote a section of a medical book that
was primarily written by two different authors, J.A. Key and H.E. Cornwell in 1946. It
was not possible to obtain the book for personal review for this dissertation but Evans
(81) noted that Davis reported that in his experience head-on collisions in automobiles
was the most common cause of cervical spine injuries.
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Rear-end collisions account for approximately 85% of all whiplash injuries (8 1 ).
AIS 1 injuries are the most common type of injury in rear impacts ( 1 24). Occupants
involved in rear or side impacts from vehicles moving in the same direction as the vehicle
they were in are four times as likely to sustain a neck sprain as compared to those
involved in a collision with another car that was coming from the opposite direction (37).
While the protective nature of seatbelts has been definitively proven (1 82), seatbelts have
been found to have an effect on neck injuries. Bourbeau et al (3 7) reported that occupants
wearing seatbelts that were involved in same direction rear or side impacts were 1 .5 8
times more likely to suffer neck sprains as those who were unbelted and Salmi i n 1 989
found that the incidence of moderate neck injuries increased after the mandatory seatbelt
law was enacted in France in 1 979. Deans et al (67) also found a similar correlation, with
73% of belted occupants reporting neck pain at any time after a motor vehicle accident
compared to only 53% of unbelted occupants reporting neck pain at any time after an
accident. Anderson et al found that in a study of 59 occupants involved in a motor vehicle
accident that 1 2.2% of subjects wearing three-point belts suffered cervical spinal injuries
compared to none who were only wearing lap belts (8). Those subjects only retained by
lap belts, however, were more likely to suffer more serious Chance-type fractures in the
lumbar areas of the spine. The same study also found that occupants with cervical and
thoracic injuries were less likely to have injuries to the small bowel, colon, pancreas,
liver, spleen, and kidneys, most likely due to the distribution of force to the upper body
instead of solely on the abdomen.
From an anthropometrical standpoint, increasing occupant height has been shown
to correlate with an increased risk of neck injury. According to data from the Volvo
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accident database (124), the relative risk of neck injury for a 152 cm tall female is 29%,
which increases to about 63% for a 177 cm male. Similarly, the relative risk of neck
injury for a male of 162 cm height is 17%, which increases to 45% for males of 187 cm
and taller.
It was also found that females were more likely to sustain a neck injury in a rear
impact than were males, even for the same height. In the case of a male and female who
were both 167 cm tall, for example, the relative risk of neck injury for the male was 28%
while it was 45% for the female. One potential reason for this difference is the differing
neck structure of men and women. Women tend to have longer, more slender necks, with
less muscle mass supporting a head of similar mass as that of men, while men tend to
have shorter necks containing more muscle tissue. The length of the female neck
contributes to a greater moment arm from the cervical vertebrae to the center of mass of
the head, and the less muscular nature of the neck tissue provide less protection from
injurious motion during the whiplash sequence.
Nothing was found in the literature search to indicate that occupant weight was
related in any way to whiplash injury. No weights were cited in the studies that cited a
correlation between occupant height and gender and whiplash injury.
The effect of muscle stiffness has been shown to have an impact on whiplash
injury. Kumar et al (142) demonstrated that when the subject was made aware of an
impending impact and was allowed to tense his or her neck muscles in order to prepare
for the impact, there was corresponding delay in time before the subject's head began to
move as a result of the acceleration pulse. The researchers used a chair mounted on a sled
device that received an impulse from a pneumatic piston to impart the motion to the
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volunteer. Acceleration levels were limited to no more than 1.4g, which limits the
validity of extrapolation to whiplash cases, as accelerations causing whiplash have been
shown to be higher than that value. With this in mind, however, there was found to be a
statistically significant difference between the length of the delay and gender. Compared
to impacts where the subject was unaware of the impending impulse, males exhibited a
delay in head acceleration of 25 to 40 ms. The mean delay in females was greater.
Compared to rear-impacts where the subject was unaware, there was a 78 to 171 ms delay
in head acceleration. The greater delay in females was attributed to greater tensioning in
the neck muscles from a higher level of engagement of protective response. The
magnitude of the delay was affected by the magnitude of the delivered impulse. As the
impulse increased, the delay decreased. This was attributed to the increased acceleration
impulse overcoming the resistance of the neck muscles sooner. Kumar et al concluded
that in rear impacts imparting an acceleration of up to 1 .4g, which is somewhat lower
than nearly all rear impacts reviewed in this dissertation, tensing the neck muscles prior
to impact can result in a 30% reduction in peak acceleration of the head.
A more relevant study to whiplash kinematics is found in Siegmund et al's
research on the same subject of awareness (237). In this sled test, human volunteers were
seated in a front passenger seat from a 1991 Honda Accord. The head restraint had been
removed from the seat prior to testing. The results of the study showed no gender
differences in the onset of torso or head acceleration. The mean delay between impact
and the onset of torso acceleration was found to be 20 ± 2 ms, and the mean delay to peak
torso acceleration was reported at 78 ± 9 ms. The delay in head acceleration from impulse
to initial motion was 29 ± 5 ms, much shorter than that measured by Kumar et al (142).
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This difference in results compared to Kumar et al's work is explained by the shorter
delay in onset of acceleration and the greater magnitude of acceleration of 1.52g.
Siegmund et al did find gender differences in the resulting kinematic motion, with female
subjects having 15% lower peak horizontal forehead accelerations and 15% larger head
extension angles than the males in the study. A separate linear regression analysis showed
that the differences were not attributable to size differences between the male and female
subjects. Males were shown to have significantly larger electromyograph amplitudes of
the stemocleidomastoid muscles than females. The gender differences were most
pronounced in the surprised conditions. There was evidence that unalerted subjects
increased the magnitudes of their stemocleidomastoid and cervical paraspinal muscle
contractions more than when they were alerted to the impending impulse, and that this
reaction was more evident in males. Larger peak retractions were observed in surprised
females as compared to males, and this was suggested to reflect the higher incidence of
whiplash injury among females.
Van der Horst et al also conducted research on muscle activity during impacts
(257), but their research was based on mathematical computer models that simulated
muscle activity during simulated frontal and lateral impacts. The computer model was
largely based on work done by De Jager which was in tum based on work by Deng and
Goldsmith (81). The results showed good correlation with data from human volunteer
impact studies, and the authors conclude that muscle contraction has a large influence on
head and neck response during impact. The problem with this approach, as in all
computer modeling approaches regarding whiplash, is that all of the variables that are
involved in whiplash kinematics and whiplash injury have not been quantified yet. The
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computer model showed that muscle contraction did have an effect on levels of frontal
impact up to 3g, but the 25 ms reflex time was not reproduced in rear-impact
electromyographic testing in unaware subjects because they didn't know the impulse was
occurring. Computer simulations provide invaluable data when they have been
thoroughly verified, but in the context of whiplash kinematics there was no model found
that was deemed accurate or detailed enough to replicate actual crash behavior of human
volunteer studies.
The details of that motion of the head and neck were incorrectly described as
being acute flexion followed by extension by Gay and Abbott in 1953 and reflected the
belief of most researchers to that point in time (81). The kinematics of the head and neck
were more correctly understood just a few years later in 1955, when Severy et al (232)
performed the first staged rear-impact collisions using human test subjects and an
anthropometric dummy and is credited to have correctly identified the mechanism as
being first hyperextension followed by flexion. The human subjects were used at impact
speeds of 8.2 and 9.4 mph and the dummy was used at impact speeds of 7, 9.9, and 19.8
mph. Severy et al noted that the nature of the rear-end collision " . . . frequently results in
minor car damage with major bodily injury" and that "unlike most injury-producing
accidents there is generally no visible sign of injury for the rear-end collision victim".
There were twenty-eight separate points of conclusion drawn by Severy et al from the
testing. Those related to the kinematics of whiplash will be mentioned briefly. In
response to the 20 mph impact of the 1941 Plymouth striking the 1947 Plymouth, it was
noted that the Sierra Engineering dummy's head pitched backwards to an extreme
position and then forward to an extreme position and then back to a normal position.
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Although the kinematic motions for the 20 mph collision weren't provided, a
representation of this motion from the 10 mph rear impact is provided in figure 3-1. Note
that Severy et al did not illustrate the initial retraction of the head and upper cervical
vertebrae that has been shown to occur in later research. Severy et al suggested that a
front seat passenger may be more at risk to suffer a neck injury because the driver has the
steering wheel to brace against. This has been shown by future crash tests and
epidemiological studies to be false and that the driver is at highest risk for neck injury.
An interaction between the steering wheel and whiplash kinematics has not been shown
to exist. This is a small item that adds credence to the current theory that the damaging
portion of whiplash kinematics occurs in the first 100 or so ms during retraction of the
head. Severy et al did identify a translational force as being one of two forces acting on
the head from the acceleration impulse (the other being rotational) but did not develop
this further. They also observed that the kinematics of the occupant occurred after the
struck car completes its acceleration, and that a 10 mph impact resulted in a greater load
on the occupant's head than the 20 mph collision did. This is attributed to increased seat
flexion in the higher speed collision, resulting in the body becoming more reclined as the
head and neck extended; however, they note that the seatback rebounds the torso before
the head reaches full acceleration, and that this increases the resultant forces applied to
the neck.
The next thorough study relating to occupant kinematics during whiplash found in
the literature was Mertz and Patrick's 1967 article that investigated the kinematics and
kinetics of whiplash (168). This was a relatively lengthy fifty page paper that consisted of
two separate experiments. The first used human volunteers to pull rearward on their own
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Figure 3- 1: Kinematic sequence of dummy taken from Severy et al's 1955 paper. The top
illustration is of the dummy and the bottom is of the human volunteer. The horizontal bar
is the timeline in milliseconds and the vertical bar is the acceleration in gravities.
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heads to establish voluntary load limits for neck extension loads and angles. The second
part of the paper used two different anthropomorphic dummies (and Alderson F5-AU and
a Sierra 50th percentile), two human cadavers, and a human volunteer in sled tests
designed to replicate the kinematic effects of a rear-end collision. Data from Severy et al
(232) on the acceleration and time data from three instrumented rear impact crash tests
were used as the model. The sled was propelled at a predetermined velocity and then
braked over a specific distance to achieve the desired accelerations. It is assumed that the
subjects were facing rearward, but this is never actually specified in the article. The
accelerations were replicated by properly calculating the distances over which the
velocity changes needed to occur. While the paper presents important information
regarding the differences between subject kinematics, of interest in this section of the
dissertation are the resulting kinematics of the human volunteer and cadaver occupants.
The dummies were shown to produce inconsistent head and neck kinematics that were
not in accord with Severy et al's documented behavior, and the testing methodology
incorporating the head rest was fundamentally flawed because of the seat and head
restraint on the test sled. The seatback was rigid and the head restraint was placed directly
behind the subject's head, thus preventing any appreciably realistic motion with respect
to actual whiplash behavior.
The sled testing that was performed without the head restraint does provide some
data on the kinematics of the head and neck from the human volunteer and two cadavers
used in the study. The motions of the three subjects were not illustrated as they are in
other papers but the acceleration versus time plots were provided and are shown in figure
3-2. These can be compared to the acceleration versus time plots of the human occupant
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Figure 3-2: Plot from Mertz and Patrick's paper showing the acceleration versus time of
all subjects' heads. The left column represents a simulated 10 mph rear impact and the
right simulates a 23 mph rear impact. Of interest in this context are the two bottom rows
showing the cadaver response.
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in a 10 mph rear impact from Severy et al that were shown previously to help visualize
the resulting kinematic motion. The column of plots on the left are from the sled
simulation of a 10 mph rear impact and the column on the right represent a 23 mph
simulation. It is interesting to note that the acceleration of the cadaver heads for the 10
mph impact occur about 100 ms later than that observed by Severy et al and that the
acceleration loading is not as severe nor as high. Mertz and Patrick noted that they had
difficulty in replicating the actual acceleration pulses form Severy et al's research
because of the nature of the sled.
The difference between Mertz and Patrick's data and Severy's data seen in a
comparison of the plots suggest that their method of using the sled to approximate a rear
impact does not accurately reflect the shape of the acceleration pulse seen in an actual
vehicle to vehicle test. In spite of this the sled runs without using the head rest produced
results which do contribute to the present discussion of whiplash kinematics.
The testing with the human volunteer occurred with the volunteer tensing his neck
muscles in anticipation of the impact. This is why his data does not show a similar
acceleration versus time curve to the cadavers, nor is it similar to the curve shown for the
unaware human volunteer in Severy et al's research. It is not stated whether this tensing
was intentional, and the implication in the paper is that it probably was not. This is very
likely the first test in the body of whiplash research that evaluated the response of an
aware occupant on whiplash kinematics, even if it was unintentional. The result of the
tensing of the neck was lower neck torque and a decreased angle of head rotation (i.e.
extension) than that recorded for the cadavers.
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The maximum head extensions for cadavers in the simulated 10 mph impact were
found to be 64 and 61 degrees. The maximum head extension angles for the cadavers in
the more severe simulated 23 mph impact were found to be 86 and 84 degrees. The
maximum extension of the volunteer's head in the simulated 10 mph impact was 27
degrees. The difference between the volunteer and the cadavers is primarily due to the
tensing of the neck muscles by the volunteer, but it was also observed that the volunteer
rotated his head 10 degrees forward in anticipation of the impact. The shape of the head
rotation after maximum extension had occurred was observed to be the same for the
cadavers and the human.
The cadavers were thought to better represent the motion of unaware occupants
during a rear impact. The method used to keep the cadaver heads upright until the
negative acceleration phase of the sled occurred was not disclosed, but the resulting
rotational angles and neck torques were much greater than those of the human volunteer.
The cadavers followed the extension-flexion behavior shown by Severy et al and the data
that was subsequently gathered was used to make an interesting index for potential neck
injury.
With respect to whiplash kinematics the title of Mertz and Patrick's paper is
somewhat misleading, because the content is more consistent with determining the
differences between the kinematic and kinetic measurements that were recorded on the
test dummies, the cadavers, and the human volunteer. What is perhaps more disturbing is
the conclusion that is drawn based on the human volunteer test at 14. 7 mph that " . . . it is
physically possible for a person to withstand a 44 mph rear-end collision with no injuries,
provided his head is initially in contact with a flat headrest which is firmly attached to a
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rigid seatback." It is irresponsible and misleading to make such a statement in a scientific
paper for two primary reasons. The first is that absolutely no passenger car being sold to
the public at that time or any time since has a seatback and headrest that are comparable
to the seatback and head restraint that Mertz and Patrick used in their experiment, which
was more similar to a seat from a high-performance jet aircraft. The head rest was a
secure and rigid structure that was placed directly behind the occupant's head. The
second is their assertion that the 14.7 mph sled velocity accurately represents the
acceleration of a struck car. The method they use to arrive at this is that stopping the sled
in a shorter distance results in a constant acceleration that is consistent with a 44 mph
change in velocity. While this is technically accurate, the acceleration versus time curves
obtained by Mertz and Patrick do not match Severy et al's empirical data, and they
conveniently decline to elaborate on this discrepancy. The primary basis for their claim is
that the maximum normal headrest load experienced by the occupant without injury was
340 lb, and the maximum neck shear load without injury was 150 lbs, and that when
these loads are plotted as data points on a line extrapolated from lower headrest and neck
shear loads at lower accelerations, the resulting acceleration is correspondent with a 44
mph collision. They then transfer this extrapolation to the claim that a human volunteer
can survive a comparable 44 mph rear impact without injury, which is not necessarily
true. They demonstrated that a human occupant who has their head flat against a rigid
head restraint can experience an acceleration that corresponds to a 44 mph change in
velocity over an unspecified but easily calculated distance. This test was essentially the
same as the rocket sled tests performed by Colonel John Stapp over twelve years earlier.
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The results reached by Mertz and Patrick for the tests conducted with the head
rest in place should be viewed with reserve when the results are applied to whiplash
kinematics and whiplash injury. The testing without the head rests in place does yield
valuable data regarding the kinematics and kinetics of whiplash, especially in the
comparison between aware and unaware occupant behavior.
Ewing et al (82) investigated the rate of onset and the duration of peak
acceleration on human subjects during sled tests in 1976. Ten volunteers were subjected
to forward accelerations of 6g, 10g, and 15g and though not explicitly stated it is inferred
the subjects were facing forward. Each acceleration level was achieved in one of three
profiles expressed below:

1. high rate of onset and short duration
2. high rate of onset and long duration
3. low rate of onset and low duration

The results of the testing were as follows:

•

As the g-level, the onset of the g-level, and the duration increased, the peak
angular head acceleration also increased.

•

As the sled acceleration peak increased, so did the peak head angular velocity.

•

The rate of onset of acceleration did not affect peak head angular velocity.

•

The peak linear acceleration of the head increased with increased g-levels, higher
onset, and longer duration.
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•

For low onset conditions the acceleration at Tl was the same as the sled. For
higher onset conditions, the acceleration of Tl was much more attenuated in
comparison.

•

Statistical analysis showed that the first acceleration peak experienced at T1 and
the accompanying acceleration duration at Tl has an effect on the peak head
angular acceleration, angular velocity, and linear resultant acceleration.

•

The rate of onset at Tl had no effect on the above parameters.

•

Statistical analysis also showed that the rate of acceleration onset has a direct or
indirect effect of increasing horizontal acceleration at T1.

All of the illustrations in the paper were acceleration-time plots, and there were no
pictorial representations of the kinematic motions of the subjects' heads during the testing
to compare to the ones found in other research. There was a plot of the extension of the
head with respect to time, however, that was constructed not from the empirical data but
from the differential equation modeling. Previous plots made from the mathematical
model showed good similarity to the actual test data, and this plot will help the reader
understand the extension of the head with respect to time. This plot is found in figure 3-3.
As can be seen, the maximum extension angle occurs about 100 ms after the initiation of
the acceleration event.
Hartwig et al (108) performed testing on cervical spine specimens on a bench-top
sled that replicated side impacts. They commented on rear impacts, saying that the S
shaped deformation of the spine is more critical to injury than the observed C-shape but
that the actual maximum stress and strain within the spine seemed to occur much later.
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They found in their study that the relative displacement (strain) of the head and sled
reached maximum values at 150 ms after the initiation of acceleration of the sled. This is
longer than Severy et al observed, but the increase in time could be due to the inherent
mass and deformation differences between a cervical neck on a desktop sled and a full
size adult in a 1947 Plymouth. What Severy et al's paper does show is the delay between
the recording of head acceleration and the actual displacement of the head.
The subjects in Ewing et al's testing were much more constrained to the sled than
in other sled and vehicle tests, and this may help explain the decreased subject response
times in Ewing et al's data compared to other tests.
While there was some significant research conducted in the 1980's regarding rear
impacts, it became apparent in the literature review that testing in the 1990's was more
abundant, more prolific, and of better detail due to the improvements that had
been made in measuring devices. With this in mind, the next research to be discussed is
that of Ono & Kanno in 1993 (194). The researchers used a sled device to replicate rear
impacts. The sled seat, described as an experimental car seat, slid backwards down an
incline and impacted a stop. Target impact speeds were 2, 3, and 4 km/h ( 1 .24, 1 .86, and
2.48 mph). Electromyogram traces of the trapezius and stemocleidomastoid muscles of
the three male human volunteer were also made. The subjects wore seatbelts during the
testing. The parameters analyzed were differences in impact speed, seatback angle,
headrest height, and muscle tension. The paper will be discussed in more detail in the
next part of the dissertation, but the only plots provided in the paper are of the three
different impact speed runs without a headrest. That data is shown in figure 3-4.
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Although the sled impact speeds were kept very low in comparison to future
research, this data provides two major insights. The first is that sled testing in this
instance doesn't reflect the nature of actual vehicle crash testing in the sense that the
shapes of the curves are smoother and have less variation. Although this might be
attributable to the low speeds of impact, it is more likely that the sled provided a more
uniform and sterile acceleration pulse to the subjects. The sled also showed no delay
between impact and occupant acceleration, which is the case in actual vehicle testing.
The low speeds are reflected in the second insight which is that the amplitude of the
acceleration pulse is greatly reduced and the slopes of the curves much less steep than
those recorded in higher speed impacts.
McConnell et al ( 163) performed testing in 1993 using four healthy male live
human subjects and actual vehicles. A 1984 GMC half-ton pick-up truck was accelerated
down a ramp and into one of three target vehicles. The impact speeds were not disclosed
but as in other testing were selected to provide a specific delta-v to the struck vehicle, in
this case being 2.5 mph and 5 mph in separate tests.
The researchers noted that in the first 50 ms after impact the subject remained
motionless. At 60 ms after impact the lower seatback had compressed and began to move
the subject's hips and low back forward. The researchers also stated that the occupant
was moving upward as well, but this observation was actually incorrect. The forward
motion of the sloped seat bottom made it appear as though the occupant was moving
upwards but in reality the occupant was not. This issue is addressed in the second paper
published by these same researchers in 1995 and the incorrect observation is
acknowledged.
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The upper seatback was simultaneously flexing rearward and the seat cushion was
being compressed by the subject's upper torso, which was still nearly stationary at this
point. At 100 ms the seatback had nearly reached maximum deflection of about 10
degrees past the initial position and the subject's upper trunk had begun to move forward
and upward. The head and neck of the subject showed no appreciable movement until
120 ms when the neck appeared to become axially compressed and straightened as a
result of the cervical spine moving upward and rearward in relation to the vehicle.
Throughout the next 40 ms (net time 120 to 160 ms) the subject's head began rotating
about the shoulders upward and rearward. At 160 ms the forward and upward movement
of the subject's torso began to pull the base of the neck forward (and would eventually
resulted in the head rotating forward in the final flexion part of the kinematic sequence).
At 200 ms after impact the upward motion of the subject's trunk and shoulders had
stopped, with a maximum rise of 9 cm and rotation of 45 degrees rearward from the
vertical plane observed. The subject's cervical spine had risen 1.25 cm at this point and
the subject's head was beginning to arc forward in flexion. At 250 ms the subject's head
was rotating forward but had not yet crossed the vertical plane but the entire upper body
including the head was descending back down the seatback. The seatback had also
returned to its pre-impact position and the subject's torso was rebounding away from the
seatback's upper surface. It was noted at this point that the subject's upper torso was
being restrained by the restraint system which had tightened considerably, as between 5
and 8 cm of slack was seen to be consistently rewound on the belt spool during the time
the upper torso was being compressed into the seatback. At 300 ms from impact the
subject's trunk had descended back to the seat bottom and was now moving at the same
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velocity of the vehicle. The head was now nearly vertical as it crossed through the flexion
arc but was seen to be actively lowed by the tension in the neck. At 400 ms the head had
reached its forward-most displacement and was beginning to return to a normal and
upright position over the shoulders. At 450 ms after impact the kinematic sequence was
judged to be nearly completed and the entire subject was now traveling at the same
velocity as the car seat in which he was restrained. A pictorial illustration that
accompanied the sequence is provided below in figure 3-5.
Szabo and Welcher have done a large amount of research investigating low speed
rear impacts and have published many papers about the phenomena, all of which are
discussed at some point in this dissertation. Szabo et al (250) conducted six actual vehicle
crash tests with five human volunteers in 1994. Anthropometric Hybrid III dummies were
also used but they did not replicate the human volunteer kinematics to a satisfactory
degree and as such will not be discussed here. Three of the five human subjects had
abnormalities of the spine that were quantified by magnetic resonance imaging prior to
participating in the crash tests. Subject "A" had a minor cervical disc bulge (or
protrusion) and a minor degree of cervical spine degeneration and a moderate degree of
lumbar spine degeneration. Subject "B" had a minor disc bulge (or protrusion) and
moderate degeneration of the lumbar spine. Subject "C" had a moderate disc bulge (or
protrusion) and minor degeneration of the cervical spine. It is interesting to note that
these individuals in addition to one whose spinal condition was not disclosed had
transient headaches immediately after the impact. Subject "A", who had the most
significant preexisting spinal injury, also reported transient minor neck stiffness the
morning after the first test. No other symptoms were reported by any of the subjects.
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The vehicles used were 1981 and 1982 Ford Escort two-door hatchbacks with 5
mph bumpers and piston type energy absorbers. The bumper assemblies were replaced
with new units after each test. The impact velocities of the bullet vehicles into the target
vehicles were all 15 kph to 16 kph (9.3 mph to 10 mph) with associated peak vehicle
accelerations of 5 g to 6 g. The impact pulse durations were around 100 ms and the
calculated change in velocity of the target vehicle was approximately 8 kph (5 mph). The
initial bumper to bumper contact was taken as time zero. Similar kinematic responses
were noted from all occupants involved in the testing. The authors demarcated the overall
occupant kinematic sequence into two phases of motion.
The authors took the conventional Frankfort plane parallel to the ground to
establish a zeroed center of head rotation relative to the torso. It was noted that in order to
keep the Frankfort plane parallel to the ground while seated in the vehicle the subjects
flexed their neck to tilt their head down. The angle of this head depression to the torso
was measured between 18 and 30 degrees for the subjects in the test.
The occupant remained at rest relative to the ground as the vehicle and seat began
to accelerate and move forward. This resulted in a net occupant motion rearward with
respect to the vehicle seat. This sequence occurred between 110 ms and 170 ms after
initial bumper contact and is identified as the first phase of the impact. Also during the
first phase between 100 ms and 120 ms all subjects exhibited a slight flexure of the head
relative to the torso, in all cases less than ten degrees. The authors attribute this to the
head remaining in position while the torso is rotated rearward. When the seat comes back
in contact with the torso in phase two the torso is accelerated forward and the head begins
classic extension.
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The upper seatback and head restraint contacted the upper torso of the occupant
and reversed this rearward occupant motion, resulting in a forward acceleration of the
occupant relative to the seat. This forward motion was then arrested by the shoulder and
lap belt of the three-point restraint. This sequence of motion was identified as phase two
of the impact sequence and occurred over a time period of 150 ms to 230 ms.
All occupant motion was seen to occur in the sagittal plane. There was no
rotational movement in the transverse or frontal planes and no significant lateral
movement was evidenced. Seatback rotation did occur, but only in the first phase of the
impact and mostly with the heavier occupants. Seatback rotation was never greater than
ten degrees. No driver was able to maintain a tight grip on the steering wheel during the
kinematic sequence. In most cases the hands lost contact with the steering wheel but
regained contact in the second phase, although such contact was not a secure grip.
It was noted that only two subjects experienced cervical spine extension but in
both cases the extension was less than ten degrees. No chin to chest contact was
experienced by any subjects. Four of the five subjects had flexion angles of less than 45
degrees, while the fifth subject experienced a 70 degree flexion. This was noted as being
the normal voluntary limit by Buck et al and Kottke and Mundale in 1959 but was within
the subject's personal voluntary limit of 90 degrees which was established prior to the
testing. No relative motion was observed between the jaw and the heads in any subjects.
This is relevant to the theory that temporomandibular joints may be injured in whiplash
motion. No evidence of this was found in Szabo et al's testing.
Of particular value in Szabo's paper are the plots that were obtained of occupant
motion and acceleration with respect to time. The head to torso rotation is provided in
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figure 3-6 and can be compared to the other plots from different research. This plot shows
that the maximum head extension is reached at approximately 170 ms after the bumpers
contacted each other. This is slightly shorter than that shown by Severy et al.
Another interesting plot is that of head displacement with respect to time. This
plot is shown in figure 3-7. The displacement is measured along an X-axis that is
perpendicular to the seatback with the origin at the top of the seatback. It is more difficult
to compare this plot to others because of Szabo's coordinate system but it does present a
picture of the head kinematics that occurs in a five to six g rear impact. Another
interesting description of the occupant kinematics is found in figure 3-8. This shows
traces of movement of parts of the body with respect to the vehicle's fixed interior
reference frame, with the origin of the coordinate system at the base of the seat and the
X-axis along the horizontal longitudinal line of the vehicle (conventional axis). It is an
interesting plot that wasn't found in any of the other papers reviewed. This plot clearly
shows the arcing movement of the head, which is harder to discern when looking at the
occupant in the vehicle, and it shows that the shoulder undergoes a roughly circular
motion in the sagittal plane during the kinematics of the impact sequence. The wrist and
the knee do not appear to experience displacements as large as the shoulder. The shoulder
motion also contributes to the understanding of the upper torso motion during the
sequence.
Also of interest are plots of the head acceleration with respect to time. The first
plot, shown in figure 3-9, is of the head acceleration as measured only along the X-axis
from the origin labeled as #2 established at the center of mass of the occupant's head.
This plot of head acceleration is directly comparable to plots from other studies that have
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Taken from Szabo et al's 1994 paper.
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and Welcher's 1994 paper.
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measured head accelerations in the conventional X-axis at the center of mass of the head.
The center of mass was taken in application to be at the intersection of the sagittal and
Frankfort planes.
Although the acceleration testing by Ewing et al were for frontal impacts, they
also obtained a two-peak acceleration profile like the one in the above figure.
The second plot is seen in figure 3-10 which shows the resultant acceleration of
the head from the accelerations in the X, Y, and Z axes. This can be compared to the plot
shown previously in figure 3-9 to obtain a sense of the contribution of the Y and Z
accelerative components during the kinematic sequence. As can be seen, the majority of
the acceleration occurs in the X-axis for the first 200 ms, after which time accelerations
in the other axes are strong enough to overcome the negative X-axis component and
make the overall acceleration positive.
The observation that the kinematics of the head and neck seem to stem from the
lower spine is given credibility in examining the accelerations of the cervical and lumbar
portions of the spine with respect to the kinematic sequence, also. One caveat that must
be acknowledged in this comparison is that the X-axis of the head taken from origin #2 is
not on the same plane as the accelerations of the cervical and lumbar portions of the spine
which were taken along the X-axis at origin #3 and origin #4, respectively.
Acknowledging this, however, it is the time occurrence of the peak acceleration of the
profiles that is of interest. Figure 3-11 shows the acceleration in the X-axis as measured
from the #3 origin. Notice how the peak acceleration of the lower cervical spine precedes
the peak acceleration of the head by approximately 35 ms, and that the cervical
acceleration peak is about 3 g lower. Perhaps more importantly, however, is the less acute
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impulse, evidenced by the broader base of the acceleration peak. This indicates the
impulse occurs over a longer period of time.
The acceleration profile of the lumbar spine is presented in figure 3- 12, and the
same comparisons can be made with it. The overall peak acceleration is lower and the
impulse is less acute than that of the cervical spine, and the peak occurs similarly sooner,
about 35 ms earlier than the cervical acceleration peak.
In 1995 McConnell et al (164) performed research that was an extension of the
research they had done previously in 1993. In this testing the vehicles were the same as
used in the previous testing, but the bumper of the GMC truck was modified and
reinforced with steel to better withstand the horizontal impact forces during repeated
impacts with struck vehicles. This kind of modification is seen elsewhere in the literature,
most notably in Szabo and Welcher's testing. Again, the same issues and concerns are
raised. The authors claim that these modifications do not affect the acceleration pulse of
the struck vehicle because the struck vehicle acquires most of its delta-v before there is
any kinematic response observed from the occupant. However, this seems to be in
conflict with the results that Kraft found when they determined that tow bars could
change the acceleration pulses of the vehicles involved in low-speed rear impacts,
although in their remarks they were primarily addressing the addition of a tow bar on the
struck vehicle. Nonetheless, the testing performed in this dissertation will be using
unmodified bumpers.
McConnell states that this additional testing suggest a mechanism that addresses
why cervical motion beyond the test subjects' measured voluntary range of motion wasn't
observed in any of the 28 impacts. The testing in the 1995 paper used 7 human subjects
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and utilized impact velocities that were calibrated to yield delta-v figures of between 3.6
mph and 6.8 mph.
The authors note that the gross kinematic sequence was the same as previously
described in their 1993 paper, but certain parts of the motion were different. The most
pronounced difference was the increased ramping motion of the subject's upper torso and
trunk against the seatback at the delta-v figures greater than 5 mph. The authors stated
that this increased ramping "greatly affected their subsequent head and neck kinematics".
They also note that in the first 50 to 60 ms after impact that the motion of the seat bottom,
which is sloped at a rearward angle, moved forward with the motion of the car while the
occupant remained stationary in accordance with Newton's first law. The relative motion
of the sloped seat bottom moving forward to the subject's hip and thighs gave the
appearance that the subject's hip and thighs were actually moving upward, which turned
out to be incorrect, as mentioned previously. This incorrect description of occupant
movement in the vertical plane was described in the first paper but the authors
acknowledge this error in the second paper. The complete kinematic sequence is
described again in detail. It was noted that from 60 to 80 ms the vehicle and seat base had
moved forward about I 0.2 cm and that the seatback had deflected rearward
approximately 6 to 7 degrees from its normal position. During this period the lower body
was beginning to be moved forward by the compression of the lower seatback, and this
movement by the lower body then began to pull the upper body forward. As this is
happening the seatback is still deflecting rearward and thus dropping vertically about 2 to
3 inches, so that the net effect is to ramp the shoulders and upper thoracic spine over the
seatback incline. The subject's mid-back then began to be impinged by the forward
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moving seatback surface and the thoracic curve of the subject's back was straightened out
which further increased the ramping effect. At 80 ms after initial impact the subject's
thoracic spine had a net forward movement of about 2.5 cm.
Throughout the aforementioned sequence the subject's head remained in its pre
impact position. The base of the neck had moved forward 2.5 cm with the thoracic spine
area and was beginning to pull the top of the neck forward. At 100 ms after impact the
base of the neck was observed to move forward an additional 1 cm to 2 cm and the top of
the neck showed visible initial movement. At 110 to 120 ms after impact the seatback
reached its maximum rearward deflection rotation of 10 to 14 degrees and the subject's
upper neck reached the maximum recorded acceleration of between 5 and 1 5 g. The
entire vehicle had traveled forward by about 16.5 cm and the thoracic spine of the subject
had moved forward another 8 to 10 cm. The neck was observed to still be vertical.
Interestingly, the authors report that in still images of the subject at this point the
subject's stemocleidomastoid muscle is visibly tensed and bulging. They liken this effect
to that of a "ball and chain" and provide an interesting figure to illustrate their appraisal
of the situation. That figure is shown in figure 3-13.
The kinematic movement of the head was rotational in the beginning of its motion
with the center of the rotation being at or near the head's center of mass, as seen in the
above referenced figure. The authors do not state which rotation they are referring to at
this point but it is inferred that it is the left diagram with the rotation being clockwise, or
to the rear of the subject. In the time from 110 ms and 170 ms post-impact the head
rotated approximately 10 to 15 degrees and then began to translate forward as the neck
motion transferred to the head. At between 180 ms and 200 ms post impact the head was

66

Figure 3-13: Illustration of McConnell et al's interpretation of the stemocleidomastoid
muscle activity during the whiplash sequence. Image taken from McConnell et al's 1995
paper.
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seen to reach its maximum rearward rotation of 18 to 51 degrees, which at that point was
also the maximum neck extension angle. It is also inferred that this range is a function of
the delta-v of the target vehicle. The authors note that as the subject increased in height
that the maximum extension and rotational angles occurred between 10 ms and 30 ms
later. The next line in the paper appears to be a typographical error, as the authors state
that "All (line break) of test subject 3, contacted the fully elevated head restraint on the
top surface with their lower occipital scalp in a downward direction. This resulted in the
head restraints being driven downward on their adjustable mountings on every run over 8
km/h." It appears that the error is nothing more than the description of every test subject
except subject 3 going through the act of smashing the head restraint downward, which is
very interesting and very relevant to the use of the head restraint in actual application. It
was also noted that the head restraint did not significantly reduce the rearward motion of
the head as it was being forced downward. This phenomena offers the following insight.
If the head restraint is not positioned high enough such that the head impacts the forward
face of the head restraint, the head restraint will instead act as a possible fulcrum and
exacerbate the motion of the head and result in increased risk of injury. This has been
mentioned elsewhere in other literature, and should be taken into account in any analysis
of a real-world impact where whiplash or neck injury is claimed.
In the same 180 ms to 200 ms time period after impact it was found that the
seatback deflection had decreased to between 5 and 6 degrees. This also pushed the
subject's torso and thoracic spine back towards vertical by a similar amount. The
maximum neck extension angles observed in the testing for every subject were all less
than the voluntary maximum neck extension angles as recorded prior to the testing. The
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actual angular difference in the angle was between 1 0 and 1 4 degrees for the entire
subject group with the exception of the shorter-stature subject 3.
At around 200 ms the subject's torso was seen to have achieved the same velocity
as the vehicle, although it is noted that in some cases the velocity of the torso was slightly
greater than that of the vehicle. It had also regained its normal forward curvature and was
moving down the seatback. The head was now moving forward with a greater velocity
than the torso and was being negatively accelerated by the neck. As the 300 ms time
approached it appeared that the subject was regaining control of the head. From 300 ms
to 400 ms the head was still moving forward faster than the shoulders but the negative
acceleration appeared to be occurring in a controlled manner by the subject, and it was
noted that the subject's eyes were now fixed and focused. The upper portion of the neck
was extending and the lower neck was in flexion. The torso and lower body of the subject
are beginning to come to their final post-impact rest positions. The last part of the
kinematic sequence occurred from 400 ms to 600 ms and during this time the head of the
subject was returning to the same position it was in prior to impact. It was also seen that
the subject's trunk and hips were at a slightly elevated position than they were prior to the
impact. This was attributed to the final rest position of the subject's pelvis and low back
area being at a position higher up on the seatback than the pre-impact position, and
resolves the question about this phenomena that the researchers were unable to answer
from the testing that was performed in their 1 993 paper.
The sequence of events is still well represented by the illustration from their
previous 1 993 paper, and the authors do not include another illustration of this testing.
They do, however, include actual pictures of subjects from two 5-mph delta-v tests with
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vector fields representing the acceleration of the head. This novel approach is very
interesting but only portrays the acceleration of the head through the first 130 ms after
impact. The pictures are reproduced in figure 3-14.
The next round of research reviewed was by the Szabo and Welcher in 1996
(251). This time the authors used ten vehicle-to-vehicle impacts with one 28 year old
female and four males aged 22, 28, 32, and 54 years old. The vehicle used as the bullet
vehicle in the testing was a 1977 Volvo 244, and the target vehicle was a 1976 Volvo 242
DL. It should be noted that these automobiles, like the 1980 and 1981 Ford Escorts used
in their previous testing, have large, energy absorbing, 5-mph bumpers. The testing
proposed in this dissertation uses a 1999 Ford Taurus and a 1995 Mazda 929, both of
which have flexible plastic bumpers with foam as energy-absorbing bumper supports.
The testing methodology of the research was similar to the previous research performed
in 1994 with closing speeds of the impacting vehicle held at 16 kph (10 mph). The delta
V of the struck vehicles were up to 10 kph (6.2 mph). Occupant accelerometer placement
was also the same on the head, cervical spine, and lumbar spine, and accelerometer
placement on the vehicles was again at the center of mass of the car. One difference in
this study compared to the previous is the addition of surface (skin) mounted electrodes
which recorded muscle activity from the anterior paracervical, posterior paracervical,
trapezius, and paralumbar muscle groups.
It was found that initial muscle activity occurred approximately 100 to 125 ms
after the first moment of bumper contact when the occupant's cervical spine was still
undergoing extension. The muscles were not found to fully tense until the cervical spine
had progressed into flexion. Snyder et al reported in 1975 that full muscle tension doesn't
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Figure 3-14: Pictures of the subject's head during a 5.4-mph forward delta-v with vector
fields representing magnitudes and directions of the head acceleration. Taken from
McConnell et al's 1995 paper.
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develop until about 60 to 70 ms after initial onset of muscle activity. This knowledge,
combined with a plot of the EMG trace on top of the cervical extension-flexion angle
with respect to time as shown in figure 3-15, show that full muscle resistance did not
develop until the cervical spine was already in the flexion part of the entire kinematic
sequence. It is also interesting to note that in three of the tests the volunteers described
the motion as being forward and then rearward, which is exactly opposite of the actual
motion the occupant experienced.
A plot of the electromyelograph of the muscles Szabo and Welcher were
studying versus time is found in figure 3-16. The occupants were instructed not to brace
for the impact, and after the testing all subjects reported that they were relaxed and not
anticipating the impact.
Another difference between this testing and that performed previously was the
addition of 2" of padding to the existing head restraint, thus decreasing the distance
between the head restraint and the head of the occupant. This change resulted in
decreases in the limit of cervical spine extension, a decrease in the overall acceleration of
the occupant's head, and a decrease in the total displacement of the occupant's head
travel. The cervical flexion-extension angle versus time shows a clear decrease in the
peak angular extension limits with the use of the extra padding, although the peak angular
flexion limit actually increased by about 9 degrees. This can be seen in figure 3- 17.
A plot of the typical occupant kinematics with the standard unmodified head
restraint is given in figure 3-18. This can be compared with the plot of the occupant
kinematics evidenced with the incorporation of the additional 2" of padding as seen in
figure 3- 19. The data contained on the plots represent the acceleration of the vehicle
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Figure 3- 15: EMG trace on top of kinematic sequence. Taken from Szabo and Welcher's
1996 paper.
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centers of mass, the acceleration of the lumbar spines of the volunteers, and the
accelerations of the occupant's head. Each line is labeled on the plot.
One major difference between the two plots is the obvious lower head
acceleration for the modified head restraint, but this is misleading. In the tests using the
modified head restraint it was noted that there was direct impact between the head
restraint and the cervical accelerometer, which resulted in an artificial increased spike in
the peak acceleration readings. The peak accelerations of the head for the modified head
restraint are not shown on the figure above, and only the average head acceleration is
presented.
In the discussion that followed, it was noted that none of the subjects were injured
during the testing or noted any pain for two weeks following the testing. The authors
noted that this was reflective of prior rear-impact human occupant testing. They then
reiterate the conclusion that as long as a head restraint is present and the occupant is in a
normal seating position, a healthy human subject can withstand a change of velocity of 8
to 10 km/h (5 to 6.2 mph) in a rear impact without suffering serious injury. They also
noted that the modified head restraints, with the 2" of additional padding, resulted in
decreases in head acceleration, displacement, and cervical extension. It also resulted in
the perception by the subjects that the impact was less severe for the same test parameters
than the unmodified head restraint.
Kallieris et al in 1996 (128) conducted research into occupant behavior in more
severe impacts. This research also used a sled, as did much other testing performed
during that time, although the caveat must be made that sled tests are not exactly
replicative of vehicle to vehicle impacts. Cadavers were said to be chosen because the
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acceleration exposures for the rear impacts were on the order of 7g. Two runs were made
with an impact velocity of 25 and 24 km/h (15.5 and 14.9 mph), respectively, with two
different male cadavers. The cadavers were restrained to the sled by the use of 5-point
harnesses, which also must be acknowledged to possibly alter the kinematics compared to
actual humans wearing three point belts in automobiles. This is reflected in the resulting
acceleration plots of the heads provided in figure 3-20, which do not closely resemble the
acceleration plots obtained by other researchers using human subjects in vehicle testing.
The slope of the acceleration curve is much less steep than that of actual vehicle testing.
In 1997, Ono and Kaneoka (191, 192) collaborated in performing sled-test
research on 10 healthy male volunteers. Two different types of seats were used on the
sled in separate tests, and the sled was run at 2, 4, and 6 km/h (1.2, 2.5, 3.7 mph) impact
speeds. The sled setup was similar to Ono and Kanno's earlier research. One seat type
was a padded, ordinary car seat and the other was a rigid seat made of wood.
One new aspect of this testing was that X-rays were used to record the kinematic
sequence of the subject's spine during impact. The x-rays were taken at a rate of 90
frames per second and 25 frames were used to record one impact test. The quality of the
reproduction of the radiographic images was poor but a representative image is shown in
figure 3-21. Of more relevance is the figure showing representative plots of head
acceleration, neck moment, neck shear force, head rotational angle, and EMG voltage
with respect to time, also provided in figure 3-22.
The researchers concluded that axial compressive forces on the spine contributed
to the injuries normally described as whiplash. They reference the reversal of the normal
motion of the cervical spine at 100 ms after impact and the greater motion of the lower
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from Kallieris et al's 1996 paper.
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vertebrae in relation to the upper vertebrae as causing the cervical spine to move upwards
in a severe manner. They note further that this opposite motion between the two ends of
the spinal column is not a normal physiological motion and likely is related to the injury
mechanism. They also cite the greater rotational angle between C5 and C6 as compared
to other upper segments of the vertebral column as influencing an abnormal upward shift
in the instantaneous axis of rotation. This in tum creates a line of interference between
the posterior edge of the C5 inferior articular facet and the C6 facet surface. The possible
contact between these surfaces is submitted by Ono and Kaneoka as a possible
pathological mechanism of injury in neck sprain and whiplash. An illustration of the
difference in the IAR is provided in figure 3-23.
Grauer et al in 1997 (104) used a bench-top sled device to simulate a whiplash
event on six human cadaveric cervical spine specimens. They applied four different level
of acceleration to the spine specimen (2.5g, 4.5g, 6.5g, and 8.5g) and the resulting
intervertebral rotations were measured using high-speed cinematography. The kinematic
sequence for the first 175 ms after impact is presented in figure 3-24.
The authors state that after maximum posterior and inferior extension the spine
returned to its normal starting position. They do not comment on flexion other than to say
that the only case of hyperflexion observed in this study was seen in the 4.9g (sic) trauma
class. They focus on the extension part of the spine's kinematic motion and state that in
no test was the surrogate head observed to rotate beyond the physiological limits of the
spine. These physiological limits were determined through flexibility testing of the spine
prior to the actual testing. However, it was found that in every test at every level of
acceleration the C6-C7 intervertebral joint and the C7-T1 intervertebral joint did exceed
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Figure 3-23: Pictorial representation of the shift upward in the IAR of the fifth and sixth
cervical vertebrae. Image taken from Ono and Kaneoka's 1997 paper.
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Figure 3-24: Kinematic sequence of cadaver spine on bench-top sled device. Image taken
from Grauer et al's 1997 paper. NP denotes neutral posture.
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the predetermined physiological extension limits. The researchers note that these
hyperextensions were observed to occur in the part of the kinematic sequence where the
cervical spine assumes an S-shape as in the image of the spine in figure 3-24 above at the
50 ms to 75 ms time period after impact. It is the hyperextension at this point that these
researchers submit as the causal factor in whiplash injury.
This same testing was published in a different journal in the same year only with
Jacek Cholewicki as the lead researcher (54). The narrative of the article is different but
the testing and research is the same testing and research that Grauer et al conducted.
There are no different conclusions in the paper but there is an illustration of the head
kinematics at each of the different acceleration levels, and that illustration is provided in
figure 3-25 as an additional illustration of the kinematic sequence experienced by the
head during whiplash events of ever increasing magnitudes of acceleration.
Siegmund et al performed rear impact testing using live human subjects and
actual vehicles in 1997 (235). The researchers were able to find 42 subjects (21 male, 21
female) willing to participate in the testing. This large sample size is impressive and
notable among all published work regarding this topic. The target vehicle was a 1990
Honda Accord LX 4-door sedan and the bullet vehicle was a 1981 Volvo 240DL station
wagon. Each of the 42 subjects was exposed to a 4 km/h (2.5 mph) delta-v impact and an
8 km/h (5 mph) delta-v impact and the two impacts were separated by a minimum of
seven symptom-free days.
The kinematic sequence of the resulting subject head motion was provided in the
paper and is shown below in figure 3-26. Siegmund et al concluded that there was a
significant difference between the responses of women and of men in the kinematic
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Head Translation and Rotation

Figure 3-25: Kinematic sequence of head undergoing increasing acceleration in separate
whiplash events. Image taken from Cholewicki et al's 1997 paper.
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Figure 3-26: Illustration of kinematic sequence of subject's head for a delta-v of 8 km/h.
Image taken from Siegmund et al's 1997 paper.
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parameters during the whiplash event. They state that the reason for the differences is not
clear although the stature and physical characteristics of the gender difference are likely
responsible.
Siegmund et al also agreed with other researchers (200, 1 92, I 04) that
hyperextension is not the mechanism of injury in low speed whiplash events.
Interestingly, they also note that while none of the subjects exceeded the voluntary
physiological head extension limit during the actual impacts, there was evidence that
dynamic retraction may have approached or exceeded the subject's physiological limits
during some of the impacts. This is exactly consistent with the findings of Panjabi and
Grauer in their bench-top sled testing of cadaveric cervical spine specimens. Beyond
these comments, however, there was no further mention of possible pathological
mechanisms.
Szabo and Welcher followed up their 1994 and 1996 testing with incremental
velocity change testing in 2001 (274). In this testing there were five human subject rear
impact vehicle tests run. The instrumentation of the human occupant was the same as that
used in their 1996 research, although in this round of testing the authors only used one 33
year-old female. It appears that the authors held the testing to a more basic level and as a
result the paper delivered information in a much more clear and concise manner. This is
supportive of the testing performed in this dissertation which also only uses a single
human subject, although there are fundamental differences in the methodology of the
testing as well as an increased number of tests that will be run at each impact velocity.
Specifically, Szabo and Welcher used the target vehicle delta-v as a controlled parameter
of their testing and ignored the impact velocity only to the point that it was used to
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generate their desired delta-v. In the testing performed in this dissertation, it is the impact
velocity that is of interest, although the resulting delta-v will be noted because of the
previously demonstrated correlation between occupant acceleration and delta-v. This
impact velocity will then be correlated to bumper damage and occupant acceleration.
Also, as noted previously, the bumpers of the vehicles used in this dissertation testing are
2.5-mph flexible plastic fascias with foam bumper supports behind them. This is in
marked contrast to the bumpers used in all of Szabo and Welcher's testing that has been
found, as well as that of testing by McConnell, Siegmund, and all other research
obtained in the literature review of this dissertation. One additional point to mention in
regard to this 200 I testing by Szabo and Welcher is that they modified the bumpers of
both vehicles from their stock OEM configurations. The following explanation is given
for these modifications:

"To allow repeated impacts without compromising structural
integrity and potentially altering the crash characteristics, the front bumper
of the bullet vehicle and the rear bumper of the target vehicle were
fortified. Foam bumpers were affixed to the fortified front and rear
bumpers creating a foam-foam bumper contact interface that produced a
"representative" target vehicle acceleration pulse, substantially similar to
those observed in car-to-car impacts using energy absorbing bumpers".

The authors then cite ten references which they submit to be a validation of this
modification. However, it is not clear exactly what the authors are validating. The other
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testing they reference include their own previous 1994 and 1996 works and no mention
was made in these papers about similar bumper modifications. Indeed, in the 1994
testing, emphasis is placed on the extra work performed in replacing the bumpers of the
Escorts before each test regardless of whether damage was evident. Given this extra
padding on the bumpers in their 200 I testing, in addition to the undisclosed method of
fortification, this testing can not be taken to be representative of an actual vehicle-to
vehicle impact between a Ford Explorer and a Plymouth minivan. This is not to say that
the testing is not valid, or that it does not yield excellent data, which in the opinion of this
researcher, it certainly does, but the bumper modifications must be acknowledged as
changing the bumper characteristics of the vehicles used in the testing. The testing to be
performed in this dissertation will not involve modified bumpers on either vehicle used in
the research.
The target vehicle in Szabo and Welcher's testing was a 1987 Plymouth Voyager
mini-van and the bullet vehicle was a 1991 Ford Explorer. This difference in vehicle type
is significant from prior testing and may have been motivated by the increased popularity
of sport utility vehicles in the United States. These vehicles, however, in addition to the
ones used in their previous testing, still possessed energy absorbing 5-mph bumpers.
The impact speeds were selected such that the target vehicle experienced velocity
changes (delta-v) of I mph to 5 mph in increments of I mph. The impacted min-van was
stationary at impact and no braking was performed on either vehicle, although the mini
van occupant did use the brakes to stop the vehicle well after the impact had occurred.
Parameters recorded were the actual target vehicle delta-v, average vehicle acceleration,
peak vehicle acceleration, and vehicle kinetic energy change.
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While the research performed in the paper is somewhat reflective of the research
proposed for this dissertation testing, there are five useful results from this paper that are
relevant to this section on defining whiplash injury and illustrating the kinematics
associated with it. The first is a plot of the vehicle acceleration profiles with respect to
time and is found in figure 3-27.
The second, third, fourth, and fifth are the occupant head, thorax, and lumbar
acceleration and the head-torso angle with respect to time. These are presented in figures
3-28, figure 3-29, figure 3-30, and figure 3-31. The vehicle acceleration can be compared
to the occupant acceleration to obtain an idea of how the occupant reacts to the impact
after the vehicle has been set in motion.
It is interesting to note that the lumbar acceleration begins to occur first, at the
same time that the vehicle begins to accelerate, although the lumbar acceleration occurs
at a lower rate of increase than the vehicle acceleration does. The next part of the body
that begins accelerating is the thorax, which has a slightly steeper slope indicating a
greater rate of increase of acceleration, and the head is the last part of the body to
accelerate, with a corresponding steep slope that indicates the greatest rate of acceleration
of all the measured body parts. In looking at the 5 mph delta-v impact, several
observations can be made. The vehicle acceleration is over at approximately 150 ms. The
lumbar acceleration has a low 3.5g peak and occurs over a comparatively long period of
time of 450 ms. The thorax acceleration has about the same 3.5g peak, but occurs about
50 ms after the lumbar acceleration begins, and its duration of 400 ms appears to be
slightly less than the lumbar acceleration duration. The acceleration of the head is the
steepest of all the acceleration curves and has the highest peak value of 9 g and begins at
89
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Figure 3-27: Plot of vehicle acceleration versus time. Taken from Szabo and Welcher's
2001 paper.
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Figure 3-28: Plot of head acceleration versus time. Image taken from Szabo and
Welcher's 2001 paper.
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Figure 3-29: Plot of thorax acceleration versus time. Image taken from Szabo and
Welcher's 200 1 paper.
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Figure 3-30: Plot of lumbar acceleration versus time. Image taken from Szabo and
Welcher's 2001 paper.
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approximately 75 ms after impact and has a shorter duration than the other measurements
at 250 ms over the main portion of the sequence, although if the low rebound acceleration
at the tail end of the impact is counted the duration is about the same at 400 ms.
The head-torso angle plot can be compared with the previously introduced
acceleration plots to observe that in the case of the 5 mph impact the head extends
through an arc of approximately 17 degrees and then flexes approximately 10 degrees.
The peak extension occurs at around 200 ms, which is actually past the time of peak head
acceleration. Thus it can be seen that the peak acceleration of the head does not
necessarily occur at the same maximum extension. The same can be said of the head in
flexion, although the acceleration is much less severe, as is the following rotational
<lisplacement.
Recent testing by Panjabi et al in 2004 (20 1) has done much to consolidate the
results from other research and begin to focus in on the possible pathological mechanism
of injury in low speed whiplash events. Their research in the paper is an extension of the
testing performed in 1997 by Grauer et al and Cholewicki et al ( 104, 54). The testing by
Panjabi et al also uses a bench-top sled device to impart impact events to cadaveric
cervical spine specimens, but in this case the specimens have been modified by the
attachment of small cables which replicated the compressive muscle force exerted by the
muscle groups surrounding the spine. His research also produced the S-shape curvature
of the other tests. In addressing the mechanisms of injury, Panjabi et al focused on the
C6-C7 and C7-Tl intervertebral joints and the hyperextension they undergo during the
early part of the kinematic sequence. His conclusion was that the injury mechanism was
indeed the hyperextension that occurs to the lower cervical spine during the S-shape
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phase of the kinematic sequence, and this would help explain why whiplash injuries were
still being experienced even with the use of adequate head restraints as the S-shape
deformation of the spine occurs before the head makes contact with the head restraint.
In conclusion to this chapter on the definition, history, and kinematics of
whiplash, it should be noted that hyperextension is not a necessary condition for injury,
as injury has been documented to occur without the neck being fully hyperextended ( 1 92,
36). The actual kinematic sequence of whiplash motion has since been shown to be more
complex than Severy showed. Advent of improved high-speed photography in the 1 970's
and 1 980's helped capture details of spinal motion that were previously unobserved.
Evidence has been presented that suggests the injurious portion of the kinematic sequence
is not in the overall hyperextension but in the S-shape curvature of the cervical spine that
occurs during the initial retraction stage of the kinematic sequence (54, 1 04, 20 1 ).
A word on different seating positions and their potential for whiplash injury will
serve to conclude this chapter. Concisely put, the risk of suffering whiplash induced
injury while being an occupant in the passenger seat of a vehicle is less than that of being
a driver. The risk of suffering a whiplash injury while riding in the rear seat was less than
that of riding in the front passenger seat ( 1 24). The relative risks of neck injury for men
and women respectively in each seating position are 47% and 38% for the front driver
position, 35% and 25% for the front passenger position, and 27% and 18% for the rear
seat position. These numbers are based on the Volvo accident database that contains over
45,000 records of individuals injured in over 25,000 motor vehicle accidents. The
information drawn from this impressive source is deemed much more reliable than

94

smaller studies that have smaller sample sizes and a larger chance of bias in their
samples.
Another interesting proposition is that of Radanov et al who suggested that
occupants who had their heads turned from the forward-looking anterior-posterior plane
may be more at risk for neck injury during a rear impact (217). This is reinforced by the
testing performed in 1995 by McConnell et al (164) in which one of the human subjects
turned his head to the left approximately 45 degrees off of center. The subject had
undergone two tests prior to the 45 degree test off center. A delta-v of 3.6 mph was
experienced for the first, wherein his head was turned to the left 30 degrees off center,
and he reported no discomfort at all. The second test was nearly twice as severe at a
delta-v of 6.2-mph, but the subject kept his head on-center and later reported the onset of
a mild frontal headache. After several hours had elapsed the subject experienced a test
with a 5.1-mph delta-v and his head turned at 45 degrees off of center, and the subject
reported that this was a much more stressful exposure than the earlier test at the higher
delta-v. The subject reported he had developed an uncomfortable anterior and posterior
lower neck muscle strain that was predominant on the right side of his body a few hours
after that particular test and was subsequently removed form the testing roster.
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CHAPTER 4

Normal Ranges of Cervical Motion

In many of the research articles that were reviewed for this work, measurements
of the pain thresholds and injury thresholds of cervical motion were made during
acceleration tests. These measurements demonstrated the limits of cervical motion at
extreme flexion and extension angles, but normal ranges of cervical motion were not
reported. This chapter is intended to provide some comparison of the normal ranges of
cervical motion to the thresholds discussed later.
In 1994 Holmes et al (1 16) measured the full flexion to full extension angular
ranges of the C2 to C7 vertebrae of 78 normal Chinese people using lateral radiography.
There were 46 male subjects with a mean age of 47 and 32 female subjects with a mean
age of 4 1 years of age. The subjects were standing upright with the sternum and mid
thoracic spine regions supported by circular pads. The subjects were instructed to bend
their heads back as far as possible, then forward as far as possible and radiographs were
taken at the limit of each position.
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The average range of motion was 67 degrees. This range was found to be less than
that of Western peoples, whose average range of motion was between 80 and 93 degrees.
This range was not delineated into flexion and extension from a vertical zero point, so
there is no way to quantify the range of motion associated with flexion or extension. It
does, however, break down the relative motions between the vertebrae. The C4:C5 and
C5:C6 vertebral joints showed the highest ranges of motion at 17.9 and 15.6 degrees,
respectively, compared to less than 13.5 degrees for the C2 through C4 and C6:C7 joints.
The data also demonstrated that a group of subjects with an average age of 50 years had a
total range of motion of less than 50 degrees, while a group of subjects with an average
age of 30 years had a total range of motion of greater than 90 degrees, and that the
vertebral difference was only statistically significant at the C4 through C6 joint level.
This can be compared to the results discussed in the next chapter from Mertz and
Patrick's research (168, 169) that showed voluntary maximum static rotational flexion
angles of 60 degrees for extension and 66 degrees for flexion. The difference is likely
attributable to the mechanism that was used to pull the volunteers' heads back and forth
in the Mertz and Patrick research that enabled greater angles to be achieved than solely
from the volunteer's own muscle action. This suggests that the cervical vertebrae can
undergo a slightly greater range of extension and flexion than voluntary muscle
movement allows, without injury. Applying these results to the arena of cervical injuries
in low speed rear impacts, this also supports the theory that increased predisposition to
injury is correlated with increased age.
Ordway et al (195, 196) evaluated 20 normal Western individual with an average
age of 31 years for normal ranges of cervical flexion and extension angles in 1997. The
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main purpose of the paper was to compare four different methods of measurement, but
the data obtained was also used for further establishing normal ranges of cervical motion.
The mean total range of motion for the group was approximately 127 degrees, with an
average flexion angle of about 48.5 degrees and an average extension angle of about 76
degrees. The results of this are extremely interesting in that the total ROM compares very
favorably to Mertz and Patrick's research, but there is a definite difference in the
proportion of flexion versus extension displacement. One possible explanation for this
could be that the vertical lines designating the zero points in either testing might be
different, but the data still provides valuable insight into the range of motion a human
cervical vertebrae can voluntarily undergo.
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CHAPTER S

Thresholds of Pain and Injury

Establishing the thresholds of injury for human occupants during whiplash motion
is fraught with many issues that complicate an otherwise seemingly straightforward
procedure. This is largely due to three reasons: the ethical considerations that preclude
testing humans, especially in statistically significant sample sizes, in whiplash conditions
that are thought to cause injury; the lack of a universal objective understanding that
accompanies the definition of the term "whiplash injury"; and the sheer number of
variables that are involved in the testing to establish such thresholds, especially those of
the intangible human element.
The first reason is obvious enough and will be mentioned again later. The second
reason is reflective of Radanov et al's observation that there is still controversy over the
very definition of the term "whiplash injury". Should this term only be indicative of
actual physiologic injury such as tom ligaments or avulsed discs? If so, then some of the
most prolific research suggests that the acceleration levels and head-neck-torso extension
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angles in which this injury is identified can only occur at rear impact severities in the
upper percentile of all automobile rear impacts ( 1 68, 1 69), yet even these researchers
emphasized that unknown soft-tissue injury is likely to occur well before these levels
have been reached. Epidemiological studies have shown that impact severity is not
correlated to frequency of whiplash injury, as mentioned previously. If whiplash injury is
not defined by objective physiological damage, then is it defined by patient symptoms?
Should the injury be diagnosed only after a predetermined duration of those symptoms
has been observed? Or should the diagnosis be made solely on psychologically measured
impaired cognitive functioning using tests such as the SCL-90-R or the Freiburg
Personality Inventory?
The human factor in the determination of whiplash injury is an issue as well. One
person's perception of neck pain from whiplash may well different from another person.
Normally, medical professionals have objective information to relate to the human
description of an injury but in the case of whiplash it is only the patient's affirmation that
presents evidence of the injury. This has led some researchers to discount the occurrence
of whiplash injury altogether (84), but the prevalence of the injury has been documented
since the late 1 800's and human volunteer research in sled testing and instrumented
vehicle crashes has shown that pain symptoms develop because of the whiplash
mechanism (81 , 1 69, 1 8).
One point that must be made is that pain thresholds are not the same as injury
thresholds. The subjective nature of pain is a relevant matter in the attempt to extrapolate
laboratory test results into the real world, and this is where the value of psychological
testing becomes apparent. Some studies have noted that damage can occur in tissue that is
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less innervated without the perception of pain on the subject as well as the fact that
muscle and nerve damage can occur before the subject shows any tissue to be "broken"
or definitively damaged (151, 152). In other cases the existence of pain has been
thoroughly proven to exist in subjects that have little or no detectable physiological
damage (151, 152). And in still other studies, participants in actual low-speed impacts
reported mild cervical strain, classified as injury by the researchers, even though they did
not exceed the previously established normal ranges of cervical motion (163).
The principle challenge in establishing thresholds of physical injury for human
beings is the inability to gather data in instrumented testing at those thresholds. Ethical
considerations preclude the use of humans in testing that is significantly harmful to the
subject, although inexcusable breaches in ethical standards have been committed by
many governments in the name of progress, such as the syphilis and radiation testing
conducted on African American men by the United States government after World War II
and the horrendous testing performed by Mengele in the prison camps at Auschwitz. For
modern research which is concerned with the welfare and safety of human volunteers,
however, it is not permissible to place a human being in a vehicle and subject them to a
rear impact that carries a significant risk of injury. The statistical sample sizes that would
be required to achieve a high degree of confidence in the results also make the idea even
more repugnant. In addition, the fact that women have been shown to be more susceptible
to injury in low speed rear impacts than men and the known effects of age and
degenerative spinal conditions which characterize much of the population would demand
that these factors be accounted for in such testing as well.
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Several approaches have been taken to circumvent these challenges and none
have met with total success. Epidemiological approaches attempt to quantify injury by
correlating event specific variables with injury, but the sheer number of variables
involved in a rear impact motor vehicle accident are effectively too numerous to
adequately reign in. General observations have been made, but epidemiological studies
have been most useful for assessing more general relationships between accident
characteristics and injury, such as the decreased effectiveness of head restraints (52, 243),
the increased risk of minor neck injury in conjunction with seatbelts (37), and the lack of
a clear relationship between impact severity and occupant whiplash injury as mentioned
previously.
One logical solution to the problem is to create a human surrogate that can stand
in for the human being during the testing that investigates the more risky impact
conditions. These conditions would naturally be above the level where there have been no
reported injuries but below the level at which injury is certain. The most common human
surrogate is the anthropomorphic test dummy (ATD), colloquially known as a crash test
dummy. The earliest use of an ATD in rear impact research is found in Severy et al's
1955 testing (232). The testing involved a 1941 Plymouth hitting the rear of a 1947
Plymouth in five separate tests. Four of the impacts were between 7 mph to 10 mph and
one impact took place at 20 mph. Two human volunteers were used in two of the low
speed tests while a Sierra Engineering Company ATD was used in the other two low
speed tests and the one 20 mph impact. In referring to the single 20 mph run Severy et al
stated that "Because of the high probability of injury for the front car occupant for this
run, the anthropometric dummy was selected as the subject." Another objective of the
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research was to compare the kinematics of the dummy to the human occupant, and
Severy et al mentions this as well, saying "The test using the dummy was made first as a
guide to the advisability of using a human subject in the repeat run. The test was then
repeated with a human subject so that the human-dummy reactions could be correlated."
In these statements it can be seen that the motivation for using the ATD was to
establish the similarity of the device to actual human behavior and use it in place of the
human in situation that had a high risk of exceeding the physiological injury threshold.
The performance of the ATD did not satisfactorily replicate that of the human
occupant in low speed impacts. It was noted that the metal hip of the dummy struck the
metal frame of the car seat during the initial seatback deflection resulting in erroneously
high acceleration readings. It was also observed that in an impact where the acceleration
of the struck car was 1.5g, the ATD's head registered 2.5g of acceleration while the
human subject's head registered 5g for a 2g car acceleration. It was noted that the subject
had relaxed his neck muscles for this impact. The time of maximum head extension was
found to be similar for both at 250 ms. Although Severy et al did not note any positive or
negative conclusions about the dummy's kinematics, the acceleration plots provided with
the paper showed marked discrepancies between the human and the ATD.
Regarding thresholds of injury, Severy et al concluded that the 1 1 .4g horizontal
acceleration measured by the ATD's head in the 20 mph rear impact is likely to cause
painful or disabling injuries. They noted that such injuries would most likely be in the
soft tissue of the neck and probably does not represent a tearing of any muscle or
ligament.
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Mertz and Patrick performed testing in their 1 967 paper ( 1 68) that attempted to
quantify static loading thresholds of the human neck and dynamic thresholds through the
use of cadaver and live human subject sled testing. In the static loading tests they
measured the voluntary static loads applied to human test subjects by the subjects
themselves. The determination of forces and moments from volunteer testing is unique.
The volunteer is seated in a chair, restrained by a lap belt, and is wearing a tightly-fitted
plastic headband from a welding helmet that appears to have been modified with a
chinstrap. A cable and pulley arrangement incorporating a block and tackle was
constructed to allow the subject to pull on a bar which in turn pulled on the temples of the
welding headband. It is presumed that the chinstrap was engineered well enough to
provide accurate data during the pull. A load cell was placed in the cable length and this
provided the ability to obtain the tensile force being applied to the volunteer's head. This
arrangement provided for measuring the static loading for the head in the normal
position, the head in the flexed position, the head in extended position, and the head
braced with hands. Another configuration of the testing was performed with the subject
standing with the subject's head supported in the occipital and mandibular regions by a
cradle of seat belt webbing. The subject then hung by his head and so that there was a
tensile force acting on his neck equal to his weight. The subject also pulled on a fixed
horizontal bar in order to increase this tensile force.
The data obtained from these tests were used in equations derived expressly for
this testing by the authors to establish shear forces, axial forces, and couples acting on the
occipital condyles of the skull. For the shear force, the reactions were taken in the
anterior-posterior directions and for the axial force the directions were inferior-superior.
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It is interesting to note that the shear forces in the anterior-posterior direction are on the
order of twice as high as the shear forces for the posterior-anterior. The table showing the
results from Mertz and Patrick's testing is shown below in figure 5-1.
To establish the dynamic thresholds the researchers compared the results of two
ATDs, two human cadavers, and one human volunteer in laboratory sled testing
simulating 10 mph and 23 mph rear impacts. One of the dummies was an Alderson
Model F5-AU and the other was a Sierra Engineering Company ATD. Both were 50th
percentile units. The neck of the Alderson dummy was composed of three steel segments
that were modified by the researchers with the addition of thin pieces of rubber between
each of the neck segments. This was done to prevent the steel segments from "bottoming
out" against each other and resulting in erroneously high accelerations as occurred with
the ATD hip joint in the Severy testing. A steel cable in the neck of the dummy regulated
its stiffness. The neck of the Sierra dummy consisted of seven steel ball and socket joints
bolted together from the head to the torso. The relative stiffness between each of the
segments was adjustable and there was a representative disc material inserted between
each of the segments composed of a thick layer of spongy rubber sandwiched between
two thin hard rubber surfaces. This was the state of the art in ATD design at the time the
testing was conducted.
Mertz and Patrick noted that in the course of the testing without head rests the
performance of the dummies was poor. For the 10 mph simulated rear impact the
dummies produced markedly different acceleration curves from each other and were only
vaguely similar to the human volunteer or cadavers. For the simulated 23 mph rear
impact the results were worse as the ATD necks experienced metal-to-metal contact that
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Table 2 - Summory ol Voluntory Static HuMOn Tc,l.ronat lev els
Bosed on Reodiona .Acting ot the Occipital Condylea
Axial Force, lb

Shear Force, lb

P..A
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A() O
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70 °

Fleucl

55 0

"5

A,.P

aoa.b

s.,

250c

1 90

Couple, ft.lb

H

(+)

1 ,.o

b

255

�o

1 0.5
1 7.5
1 2.5

0 Value i s not a maximum tolerable laod.
bao..c, on paper lty Carroll, et al. (3l.
c Bosed on paper by Stapp (2), o dynamic �NOTES: All volves based on volu,wer lMP except where noted.
Loods and torques rounded off to nearest 5 pounds and 1 /2 ft.I,, respedi•efy
Directions based on free body diagram shown ift Fig. 1 .

Figure 5-1: Table of results taken from Mertz and Patrick's paper showing the calculated
reaction forces on the occipital condyles.
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resulted in artificially high transient acceleration readings. The authors noted that another
problem with the dummy design was the local vibration of the accelerometer mount
which resulted in high frequency oscillations that also corrupted the true acceleration
pulses. They note that none of these oscillations occurred in the human or the cadavers.
The authors noted that the behavior of the cadavers more closely represented the
behavior of a living occupant who does not have time to contract his or her neck muscles
before the impact. This is in contrast to the human volunteer who did tense his muscles in
anticipation of the impact. The end result was that the neck torque calculated for the
volunteer was 12.3 ft-lb for the 10 mph impact simulation and 14.9 ft-lb and 27.6 ft-lb for
the cadavers.
The maximum head extensions for cadavers in the simulated 10 mph impact were
found to be 64 and 61 degrees. The maximum head extension angles for the cadavers in
the more severe simulated 23 mph impact were found to be 86 and 84 degrees. The
maximum extension of the volunteer's head in the simulated 10 mph impact was 27
degrees. The difference between the volunteer and the cadavers is primarily due to the
tensing of the neck muscles by the volunteer, but it was also observed that the volunteer
rotated his head 10 degrees forward in anticipation of the impact. The shape of the head
rotation after maximum extension had occurred was observed to be the same for the
cadavers and the human.
The neck torques at the occipital condyles were also calculated but were not
mentioned explicitly in the text. The only reference to these values was from a small table
of plots. From these plots it appears that the volunteer experienced a neck torque of
around 15 ft-lb for the simulated 1 0 mph impact. The actual number was obtained from
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Mertz and Patrick's later 1 97 1 paper that disclosed the number as 1 7.5 ft-lb. The
maximum neck torque experienced by the cadavers was disclosed as 35 ft-lb in the same
paper. However, no extension angles are provided in the currently reviewed 1 967 paper,
although they are disclosed in the 1 97 1 paper. The authors don't explain why they
neglected to include such information, especially when they use it later, and this is
another point of criticism for this paper. The plot of neck torques from Mertz and
Patrick's 1 967 paper is given below in figure 5-2.
In the analysis of the data the authors noticed that the dynamic neck reactions of
the cadavers and the volunteer were directly proportional to their respective head
weights. In order to eliminate the differences between the heads in further analysis, a
method of standardization was performed in which the performance metrics of torque,
shear, and axial forces for each subject were divided by their respective head weights.
These ratios were then compared to the volunteer static loading data obtained earlier in
the paper, which was standardized in the same way. This enabled the researchers to
establish a method to compare the cadaver responses to the pain threshold of the static
loading and thus determine if the pain threshold would have been exceeded by the forces
and angles experienced by the cadavers. The resulting data was placed into Table 8 of
Mertz and Patrick's paper and is shown here in figure 5-3 reproduced from Mertz and
Patrick's paper.
The authors go out on an academic limb in their next conclusion. In reviewing the
x-rays of cadaver # 1 035 they observe that damage to the ligaments has occurred between
the third and fourth cervical vertebrae. They then observe that the spine of cadaver # 1 089
is intact and undamaged. From this they conclude that a tolerable (i.e. non-injurious)
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Figure 5-3: Table of standardized head and neck load indexes taken from Mertz and
Patrick's paper. The two pertinent values are the 2.50 and 2.25 indexes for the severe
cadaver tests and their comparison to the 1.00 for the static volunteer.
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index of normalized torque to head mass is less than 2.5 if the cumulative effects of
multiple impacts are neglected, and that the index for the non-severe simulated 10 mph
impact of 1.85 for cadaver #1089 represents a lower bound for the tolerable neck index
range. They conclude by saying that the upper bound is 2.25 and that a threshold of
noninjury be established at 2.25. The authors don't mention that they rounded up to the
values seen in the indices column of the table, as a hand calculation shows that the actual
values for the cadavers are 2.24 and 2.49, although this is a very minor point. The
problem is that this conclusion ignores the multitude of effects from prior test runs, which
the reader must remember they did not disclose. It also conveniently overlooks the
possible differences in the ligaments and discs and spinal cords of the two cadaver
specimen. Finally, this conclusion ignores statistical confidence levels. Although
statistics can be overemphasized and misused there is an obvious problem with drawing a
conclusion from a sample size of one. The authors should have acknowledged this before
making such a statement.
Further compounding this entire manner of analysis is the human element. The
thresholds established in the volunteer static loading are from a healthy middle-aged male
and are completely subjective, in addition to the fact that they are merely psychological
pain thresholds that are interpreted as physical pain and serve as warnings to cease the
activity before an injury actually occurs. Depending on the reference, this subjective
indicator of injury could be past the point of injury in some people and well before it in
others. It is not an actual measure of the threshold of physiological injury. More emphasis
should have been spent on validating that portion of the research from a human factors
standpoint if the authors desired to make such a sweeping statement about injury. Also,
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the indices only take into account the extension phase of the neck as the mechanism that
causes injury. Although the research wasn't available at the time of Mertz and Patrick's
testing, it has been shown that whiplash injuries have been documented to occur without
the neck becoming hyperextended (192, 36).
The results of the ATDs were so disappointing in the 1967 research that when
Mertz and Patrick investigated occupant acceleration further in their 1971 paper, they did
not use any ATDs and instead relied on one human volunteer and four cadavers in the
dynamic sled testing.
Results regarding the same research from the standpoint of thresholds of injury
were also published by Mertz and Patrick in 1971 (169). The research paper again
consisted of two parts, with the first dealing with static voluntary neck loading and the
second with four cadavers and one human volunteer. The volunteer was the same
individual used throughout the 1967 paper, believed to be L.M. Patrick. They essentially
did the same kind of testing as in the previous paper published in 1967 but went
significantly more in-depth in the number of subjects involved and the number of sled
runs made. The sled runs were made this time with the subjects wearing a lightweight
fiberglass helmet or three pounds of additional weight located above, at, or below the
center of mass of the head. This additional weight was intended to replicate the addition
of a three-pound helmet to the subject. In the case of the human volunteer, the runs for
each configuration were also made with the volunteer tensing his neck muscles in
anticipation of the impact and relaxed with no anticipation of the impact.
The relevant research from both of Mertz and Patrick's 1967 and 1971 papers is
shown in figure 5-4. The figure shows two separate plots that have been arranged
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together in a specific position to provide a better pictorial understanding of the physical
motion. Mertz and Patrick presented both plots in their 1971 paper but the data from the
top plot is taken from the results of the 1967 paper. The horizontal axis on both plots
depicts the head rotation (position) relative to the torso in degrees, so they are butted
together. The vertical axes on both plots represent the calculated torque at the occipital
condyles and are lined up as closely as possible. One interesting observation that can be
made of the data presented in this manner is the similarity between the shapes of the
curves indicating a similar biomechanical response to the applied loading in both flexion
and the extension. Although the neck has different occipital torque limits it can be clearly
seen that it has a limiting mechanism which acts in a very similar manner in both
directions of motion. This is possibly attributable to the different structures of the neck
reaching their limits of non-injurious motion. The anterior longitudinal ligament and the
posterior longitudinal ligament may have a significant role in this as well as the discs and
zygapophysial joints between the articular processes of the vertebrae.
The discussion of force thresholds serves the academic sense of cervical injury,
but the relationship to delta-v has more relevance to the testing performed in this
dissertation. Delta-v is also a concept that can be easily misunderstood and requires a few
caveats when it is presented, so brief discussion of the parameter is warranted.
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Delta-V

As mentioned, it is the rapid negative acceleration in an automobile crash that is
responsible for producing forces that cause injury. Often the injuries are not explicitly
from this negative acceleration but rather from the impact of the occupant on some part
of the vehicle interior. This is often referred to as the "second collision" (66, 274). The
motion of the occupant arises from the vehicle rapidly slowing but the occupant
continuing to travel in the direction of the vehicle's pre-impact velocity vector, consistent
with Newton's first law of motion. The vehicle and the occupants normally experience
the same negative accelerations and the direction of the delta-v vector is in the direction
of the principle direction of force, or PDOF (223). Vehicles involved in real-world
accidents are not typically equipped with accelerometers (although this is changing, as
evidenced by the advent of crash data recorders). In order to quantify the severity of the
impact and thus the acceleration and forces involved in the impact it has become common
practice to look at the differences in velocities of a vehicle before and after impact. That
number is referred to as "delta-v". For example, if a vehicle was traveling at 50 mph
before impact, and was traveling 30 mph in the same direction immediately after impact,
the resulting delta-v is 20 mph. This delta-v can be calculated many different ways. The
primary methods are dependent upon the nature of the collision being oblique or
collinear. Oblique impacts have an angle of 10 ° or more between the two pre-impact
velocity vectors and are usually analyzed using the principle of impulse and momentum.
The delta-v associated with this methodology is then the vector difference between the
calculated post-impact velocity and the calculated pre-impact velocity for each vehicle.
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When the contributions of external forces are negligible in comparison to the forces
between the vehicles in the collision, the only forces that are analyzed are the forces
arising from the actions of each vehicle on the other. This means that the impulses, or
forces over time, acting between the two vehicles are equal, in accordance with Newton's
third law. Therefore the principle of impulse and momentum reduces to the conservation
of momentum, and the delta-v can also be expressed as the inverse ratio of the masses of
the vehicles involved in the collision.
One mistake that is frequently made in the calculation of delta-v is the lack of
consideration of the change of direction of the vehicle between the pre- and post-impact
velocities. If a vehicle was moving at 60 mph due east prior to impact, and was moving
40 mph 60 degrees north of east after impact, then the delta-v is not simply 20 mph. A
coordinate system consistent for both pre- and post-impact conditions of the vehicle
would need to be assigned to the vehicle in question. Having done this, the next step is to
break each resultant velocity vector into its orthogonal components of the vehicle. Then
the velocity components along the same axes can be subtracted from each other, and the
resulting differences vectorially summed to arrive at the final delta-v. In the example
above, if due east is made the x-axis, and due north was made the y-axis, the pre-impact
x-component of the vehicle would be 60 mph and the pre-impact y-component would be
0 mph. The post impact x-component would be 40 mph*cos60° = 20 mph, and the post
impact y-component would be 40 mph*sin60 ° = 34.6 mph. The change in velocity along
the x-axis is then 60 mph - 40 mph = 20 mph, and the change in velocity in the y
direction would be O mph - 34.6 mph = -34.6 mph. These two figures are squared, added
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together, and then the square root of that sum of the squares is the actual change in
velocity, which in this case is 52.9 mph.
It should be noted that because the forces over time acting on each vehicle are
equal, it doesn't mean that the energy absorbed by each vehicle will be equal. The energy
absorbed by each vehicle in the collision will depend on the stiffness of the vehicle
structure. As vehicle stiffness decreases, more energy is absorbed in plastic deformation.
Collinear impacts have an angle of 10° or less between the two pre-impact
velocity vectors and use the principle of work and energy to analyze the velocities of both
vehicles involved in the collision. The delta-v associated with this methodology is
determined from the measured deformation associated with each vehicle in conjunction
with empirically derived stiffness parameters associated with the crushed structure of
each vehicle. The principle of work and energy can be combined with the principle of
impulse and momentum to arrive at a convenient equation (223) for expressing the delta
v of each vehicle based on the masses of both vehicles and the energy absorbed by each
vehicle. It is important to note, however, that to use this equation the vehicles must have
achieved a common velocity with respect to a separate fixed coordinate system, usually
the earth.
Equivalent barrier speed, or EBS, is another metric that is easily confused with
delta-v. Simply stated, the EBS is the impact velocity of a vehicle into a rigid, non
movable barrier that will replicate the deformation seen on subject vehicle. For example,
if a vehicle was traveling at 50 mph and rear ends another vehicle in front of it, and the
impacting vehicle had twenty inches of crush deformation to its front-end, the equivalent
barrier speed that would replicate that amount of crush distance to an exemplar vehicle
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might be 35 mph. This doesn't mean the delta-v of the impacted vehicle was 35 mph; it
simply means that to cause the same amount of crush to an exemplar vehicle, that vehicle
would be traveling at 35 mph into a rigid non-movable barrier. The delta-v of the
impacting vehicle will be the change in velocity of the vehicle between the pre-impact
speed and the immediate post-impact speed that can only be determined by a rigorous
analysis of the masses of, and energies absorbed by, each respective vehicle. The
relationship between delta-v and equivalent barrier speed is affected by vehicle stiffness
and vehicle mass. In general, if the impacting vehicle hits another vehicle that is the same
stiffness and possesses a greater mass, the delta-v will be greater than the EBS, and when
an impacting vehicle hits an object that is much stiffer and of a similar mass, then delta-v
will be less than the EBS. Also, when a vehicle strikes an object that is in excess of 5
times its mass, then the closing speed and delta-v both approach the EBS ( 1 1 4). Also
generally true is that the more the struck object deflects, the lower the peak accelerations
of the striking car will be, even if the overall change in velocity is greater than a similar
case with a more rigid barrier ( 1 22). This again illustrates the importance of
accompanying the delta-v term with either a time over which it occurs or a distance over
which it occurs to yield effective information about the severity of the impact.
Is there a case when the delta-v equals the EBS? There is, but only when the
masses, stiffnesses, and velocities of the impacting vehicles are identical or combine in a
very specific ratio. Two identical cars that hit each other head-on at the same velocities
will have each delta-v equal to the EBS determined from the crush. In such an instance,
the impact is identical to hitting a rigid non-movable barrier at half the closing velocity,
which is what each vehicle would have possessed prior to impact. If the two cars were
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each traveling at 50 mph, then the closing velocity would be 100 mph. As each car
impacts the other, assuming the masses and stiffnesses are identical, each car will crush
an identical amount. This crush is then equivalent to the crush that would be seen if each
car had impacted a rigid non-movable barrier at 50 mph, but the negative acceleration
experienced by the car hitting the barrier would be about 10% greater than each car
impacting the other (114, 223).
Can EBS be used as a measure of injury potential? Again, the answer is
absolutely, but only when qualified with other information regarding the accident. The
EBS is not the speed change felt by an occupant during an accident (223) but it does
directly relate to the crash forces the vehicle, and thus the occupants, experienced in the
collision (122).
Other parameters that have been shown to be accurate descriptors of occupant
injury are the peak acceleration of the occupant during impact, the average acceleration
of the occupant over the duration of the impact, and the kinetic energy that the occupant
experienced (274). In spite of this objective empirical testing, however, large
epidemiological studies of whiplash have not shown a correlation between crash severity,
i.e. these parameters, and whiplash injury as mentioned in Chapter 1. One possible reason
for this is that the sheer number of variables involved in an automobile collision that
produces whiplash injury preclude accurate quantification in the manner in which these
epidemiological studies have been conducted. This is not to fault the researchers
conducting these studies, which have been peer-reviewed and have contributed
significantly to the understanding of whiplash and whiplash injury, but rather to illustrate
one of the mechanisms of controversy regarding whiplash injury. There is a definite
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threshold of physical injury that has been established through careful, controlled,
professional laboratory testin_g, but this does not correlate with the actual injuries
experienced in the "real world". There is an answer to this conundrum, and it may have
already been formulated in the many theories that attempt to reconcile this uncomfortable
situation, but none have reached a conclusive level of certainty yet. The presence of the
human factor in the problem cannot be ignored and likely has some place to fit in the
eventual solution. It is very possible that pre-existing degenerative or event-related
conditions in the spines of occupants involved in rear-end collisions contribute
significantly to the presence of long-term symptoms of whiplash.
In spite of the lack of correlation between conventional collision metrics and
whiplash injury, there has been research performed that indicate that it is the acceleration
impulse that the occupant is exposed to that has the greatest impact on occupant neck
injury. This acceleration impulse is difficult to quantify because of the nature of how
acceleration is quantified, as discussed previously. Many researchers correlate
acceleration impulses to delta-v. A given delta-v will only be equal to a certain level of
acceleration if a time (or distance) is provided over which the change in velocity occurs.
To simply say that a given delta-v is equal to a certain acceleration in terms of gravity is
not necessarily incorrect but it is poor scholarship. An example of this is found in
Cholewicki et al's paper on in-vitro sled testing of human cadaver cervical spine
specimen. In the paper they state that "The 2.5, 4.5, 8.5, and 10.5 g acceleration inputs
resulted in the sled velocity changes (�V) of approximately 6, 9, 12, and 16 km/h
respectively in a global axes system". There are two disturbing parts to this statement.
The first is the reference to the acceleration values as inputs. There is no other
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explanation offered to clear up the context of the phrasing, such as the values being used
in some type of kinematic calculation to establish a target delta-v that, combined with a
deceleration distance, will result in the desired pre-impact velocity. The second
disturbing part of the statement is the correlation between the acceleration expressed in
gravities and the delta-v figures. In an actual vehicle collision it is inferred that the delta
v occurs over a few hundred milliseconds, but sled tests are not actual vehicle collisions.
At first it was inferred that the delta-v figures actually represented sled velocities that
were empirically determined to yield the desired acceleration levels to the vertebra
specimen, and it is possible that this was indeed how the delta-v figures were arrived at
although no mention of it is made in the text. The incorrect application of these figures in
the paper occurs when the authors attempt to compare them to other sled tests with
human volunteers and actual vehicle to vehicle crash tests using human volunteers.
Simply stated, this is fundamentally flawed, and the authors saw the effect of this when
they noted that the delta-v figures for their sled test were higher than those observed in
the other tests. They offered no explanation for having higher delta-v figures than the
other tests, presumably because they didn't understand the kinematic and kinetic
relationships involved thoroughly enough. One speculative explanation for the difference
in the sled tests is that the cervical sled used by Cholwecki et al had substantially less
mass than the human volunteer sled, resulting in substantially less momentum for the
resulting impact, thus necessitating a higher change in velocity to yield the same
acceleration. This depends on a complex relationship between the sled and the
mechanical device which impacts it. The comparison between their cervical sled and
vehicle crash testing is simply absurd. They may be able to duplicate the kinematic
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motion of the cervical spine segments but it is not good science to compare the their
cervical sled to a real crash test using human volunteers and actual vehicles. The article is
very good at what it does do, which is quantify the motion of the vertebrae during a rear
acceleration impulse. Suffice to say that acceleration expressed in gravities is an
acceptable way to express the severity of the crash, and can be extrapolated to occupant
injury, if the assumption is made that the crash occurs over a very short period of time,
say 150 ms to 300 ms. This is supported by widespread analyses of accident databases
such as NASS. The mechanism of injury is discussed in a subsequent chapter.
Returning back to the subject of vehicle crashes, delta-v is generally interpreted as
a measure of severity of occupant injury, even though the behavior of the occupant is
dependent on the interaction with many different variables, such as the types of restraints
the occupant was using, the surfaces that the occupant contacted, and the mass of the
occupant (45, 274). Indeed, some researchers criticize the use of delta-v in describing
accident severity and recommend other metrics such as EBS ( 122). The criticism of the
current use of delta-v is warranted, mainly due to the fact that delta-v describes only a
change in the velocity of two different states of the vehicle in question, not an
acceleration. As previously stated, delta-v in itself does not cause injury, but the force
arising from acceleration does. The delta-v identifies two relative points of velocity for a
given vehicle but it doesn't indicate how rapidly that change occurs. The space shuttle
and its occupants undergo a delta-v of 17,500 mph during the flight into space, but the
time frame that the delta-v occurs over is such that the resulting acceleration is only about
3g (78).
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Although the shuttle's acceleration is decidedly nonlinear, an approximation of
the time that it takes the shuttle to undergo this delta-v can be computed assuming that
the acceleration is constant.
Using the second kinematic equation, v = vO + at,

v = 17,500 mph (5280/3600) = 25,667 ft/sec
a = 3g = 3 (32.2 ft/sec2) = 96.6 ft/sec2
v = v0 + at--+

t = v/a = 265 seconds

Assuming constant acceleration, the time is 265 seconds over which the shuttle
goes from O mph to 17,500 mph at a rate of 65.8 mph per second. This gives an idea of
how such velocity can be achieved without causing injury to the occupants. The time it
takes to get up to the speed occurs over a longer period of time so that the acceleration
levels are lower. The force that the occupant feels acting on them can be found through
Newton's second law. Assuming the occupant is lying on his or her back and facing
upwards at launch, then the force that the occupant feels will be four times their own
body weight close to the earth and will diminish to three times their mass as the shuttle
escapes the pull of earth's gravity. The reason the occupant feels four times their weight
and not three times their weight near the earth's surface as they accelerate away from the
launch pad is that the occupant has a downward acceleration of 32.2 ft/sec2 while he or
she is sitting in the shuttle due to earth's gravity. Again, this isn't the exact time and
acceleration that the Space Shuttle actually undergoes as it launches into space, but the
concept is identical.
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Acceleration by itself, however, can cause injury if the yield stress of the tissue is
exceeded by the inertial forces per unit area acting in the tissue. The actual acceleration
threshold at which tissue damage occurs from inertial forces is a function of the material
properties of the tissue. Elastic tissue such as muscle, fat, bowel wall, lungs, and skin can
absorb large amounts of stress without damage (203), but can be torn apart internally if
the force causes enough displacement (stress) with respect to the rest of the body that is
restrained. Conversely, more rigid material such as brain, spleen, and bone have yield
stresses that are not exceeded by acceleration alone in a typical motor vehicle crash but
are exceeded during impact with another surface, which causes the tissue in question to
absorb enough energy such that the distance the energy is absorbed over yields a force
that exceeds the yield strength of the rigid tissue. In cerebral edema or concussions, for
example, the bruising on the brain arises from impact of the brain on the interior of the
cranial vault as the skull is brought to a stop by impact with an external force. The human
body can sustain high levels of acceleration loads without injury as evidenced by Colonel
John Stapp's famous rocket sled and water brake experiment on December 10, 1954. In
the experiment he was accelerated to over 630 mph in 5 seconds and then brought to a
complete stop in 1.4 seconds. Mathematically, this equates to an average forward
acceleration of 5.8g and a negative acceleration during braking of 20.6g, but research
documents show that he withstood a peak forward acceleration of 19g and a peak
negative acceleration during braking of 45g (15, 78). The discrepancy between the
calculated numbers and the reported numbers is curious and can only be attributable to a
nonlinear acceleration profile. What is of importance with respect to the experiment is
that Dr. Stapp proved that the human body was capable of surviving negative
126

accelerations of that level, and he later commented that the human-tolerance limited
acceleration threshold had not been reached by any of the tests. It should be noted that
Dr. Stapp did not "walk away" from each sled test without any adverse effects from the
acceleration. Approximately 1.5 seconds after the sled began to accelerate he lost his
vision as the blood drained from his retinas. He remained conscious throughout the entire
run and during the negative acceleration he felt his eyeballs pushing against his eyelids
and tugging at their ocular cords. As his vision slowly returned he saw red for eight
minutes and had double vision for twenty minutes after that. He was taken to a hospital
on a stretcher after that particular run. After twenty-eight more runs he had suffered two
broken wrists, three hernias, and retinal damage, all from the accelerations imposed upon
his body (275).
The discrepancy in the calculated data and the more accurate measured data is a
perfect example of the nonlinearity of the nature of most acceleration events. An
automobile crash is no different, and quantifying the acceleration pulse requires this
understanding. The calculated delta-v from an impact is a very good approximation of the
level of acceleration experienced by an occupant during a crash but it must be reported
with the knowledge that the acceleration was most likely not linear and that peak
accelerations may have been much higher, though for very brief intervals of time.
The relationship of delta-v to injury thresholds has been widely established in
medical and engineering literature, and many studies have proven that delta-v is a reliable
and accurate predictor of occupant acceleration (79, 122). The research performed in this
dissertation has established a correlation between damage patterns on painted flexible
plastic foam-supported bumper assemblies and the impact speed of the striking vehicle
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when the struck vehicle is at rest. Through the fundamental relationship that exists
between the coefficient of restitution, impact velocity, and separation velocity, the delta-v
of the struck vehicle can then be determined to a reasonable degree of certainty. This
information can then be used in conjunction with the ample research performed that
established correlations between delta-v levels and the potential for occupant injury. The
end result is a methodology that can be used in certain specific instances to estimate the
delta-v of an occupant in a struck vehicle that was equipped with a painted flexible foam
supported plastic bumper assembly.
The idea behind relating delta-v to bumper damage is not unique to this
dissertation, but the application to painted flexible foam-supported plastic bumpers is.
Nineteen other research articles were found that involved some type of research on
bumper behavior in low speed impacts. None of them dealt with flexible painted foam
supported bumper assemblies. These articles are discussed in detail in Chapter 9. This
section on delta-v, however, will illustrate the low speed impact testing that has
correlated delta-v with occupant kinematics and injury thresholds. Many of the following
research articles have been previously mentioned in the preceding chapter on whiplash
kinematics, but they are discussed again here regarding their research as it relates to
delta-v.
In 1993 McConnell et al (163) conducted a series of instrumented vehicle-to
vehicle rear impacts using four healthy male human volunteer subjects. The subjects
ranged in age from 45 to 56 years old and were medically examined to document there
were no pre-existing spinal conditions. The vehicles used in the testing were a 1986
Dodge 600, a 1984 Buick Regal, a 1984 Ford full-size van, and a 1984 GMC half-ton
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(1500) pick-up truck, all of which are equipped with rigid 5-mph bumper systems. Ten
impacts of various combinations of vehicles were conducted. The impacts were
empirically designed to yield a delta-v to the struck vehicle of either 2.5 mph or 5.0 mph,
and of significant note is the lack of any mention of impact speed for any of the striking
vehicles. The researchers were not attempting to correlate impact speed to vehicle
damage, as is part of the objective of this dissertation. Rather, the researchers were
interested in analyzing the occupant cervical accelerations and overall occupant
kinematics during impacts that resulted in a 2.5 mph or 5.0 mph delta-v of the struck
vehicle. The striking, or 'bullet' vehicle, was backed up a ramp to a predetermined point.
With the engine running, the vehicle was shifted into neutral and allowed to accelerate
unassisted down the ramp into the target vehicle. Minor steering inputs were made to
ensure a collinear impact, and late braking of the bullet vehicle was performed after the
test perturbations were dissipated. No mention of the status of the target vehicle is made
during the testing, but to obtain an accurate delta-v measurement, the target vehicle must
have been allowed to move freely after impact. This is most likely achieved with the
target vehicle in neutral.
Each test subject was exposed to between 3 and 7 impacts. No test subject
reported discomfort symptoms during or immediately after any of the collisions. After
about an hour, however, one subject who had been in the van while it was struck and
experienced a 4 mph delta-v complained of discomfort at the base of his neck which
lasted about two hours. Another subject who experienced six tests ranging from 2.2 mph
to 4.9 mph delta-v complained of aching in the paraspinal musculature at the base of his
neck which lasted for about 4.5 hours the morning after the testing. Finally, a third
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subject who experienced three tests ranging from 1.9 mph to 5.0 mph delta-v reported
mid-neck discomfort in the C6:C7 and T l vertebra in addition to discomfort in his
trapezius musculature the morning after the testing. None of the subjects received
treatment or therapy for their discomfort and the symptoms gradually resolved over the
next three days. At an 18-month follow-up the subjects reported no further discomfort.
The authors concluded that the 2.5 mph delta-v accelerations were so mild that a single
exposure would be unlikely to result in any symptoms, while a struck vehicle delta-v of
about 4 mph to 5 mph "were probably at, or near, typical human threshold for very mild,
single event musculoskeletal cervical strain injury".
In 1994 Szabo and Welcher (250) conducted vehicle-to-vehicle impacts using five
subjects (three male and two female) ranging in age from 27 to 58. In marked contrast to
test subjects from other research, these subjects had varying degrees of cervical and
lumbar spinal degeneration. Six tests were conducted with 9.3 to 9.9 mph impact speeds,
which in turn were obtained by towing the bullet vehicle into the stationary target vehicle
via an underground cable system. Both the bullet and target vehicles were 1981 and 1982
Ford Escorts equipped with energy absorbing 5-mph bumper assemblies utilizing a
piston-type energy absorbing system. The bumper assemblies were replaced before each
test, although damage, if any, was not measured or mentioned. In the first five impacts
the brakes of both the bullet and target vehicles were actuated at an undisclosed time after
the impact, while the brakes on the target vehicle in test 6 were not actuated at all. The
authors do not discuss any differences between the tests with respect to the braking, none
is suspected to have occurred. The acceleration pulses recorded in the target vehicles
were about 5.5 g with corresponding pulse durations of 100 ms. More importantly, the
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delta-v of the struck vehicles was reported to be 5 mph, although specific data for each
test were not provided.
Four of the five subjects reported transient headaches immediately after impact.
Of these four, three had pre-existing degeneration and/or disk protrusion of the spine. A
single subject with minor degeneration and disk protrusion of the cervical spine and
moderate degeneration of the lumbar spine who underwent two impacts complained of
transient, minor neck stiffness the morning after the first test. No significant differences
were found between pre- and post-impact MRI exams of the subjects' spines. No
occupant experienced cervical spine hyperextension or hyperflexion in any of the tests.
However, it should be noted that the design of the Ford Escort seat used in the testing
prevented cervical extension from occurring.
Rosenbluth and Hicks also reported performing instrumented vehicle-to-vehicle
impact testing in 1994 (226). They report their motivation for the research was due to the
lack of literature available that correlated impact speed, occupant stress impulse, and
bumper 'isolator' stroke distance. The testing used the authors and two different
'manikin' dummies as the subjects. The vehicles used in the testing were a 1980
Volkswagen Rabbit, a 1981 Chevrolet Citation, a 1982 Honda Accord, and a 1983 Ford
LTD. A 1987 Toyota pick-up truck was also used for pavement roll-off testing, but not
subjected to any impacts. All of the vehicles in the testing had energy absorbing 5-mph
bumper assemblies. The authors purport to have developed a reliable means of
accomplishing their objectives, but the paper is difficult to understand and poorly
presented. The authors do not follow any logical presentation of their testing
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methodology or conclusions, but do state "no discernable lingering physical effect due to
repeated stress exposures, up through 4.8 mph BEV" at up to 24 hours after the impact.
Kornhauser (136) in 1996 took a theoretical approach to calculating the delta-v
levels that cause injury in flexion and extension modes of the human neck. His
calculations were based on injury thresholds of 120 N-m for flexion and 57 N-m for
extension, which he obtained primarily through Mertz and Patrick's research. He
acknowledges that those selections were made somewhat arbitrarily but reflected his
attempt to select 50th percentile injury thresholds based on their research. Kornhauser
states that of the available metrics, it is delta-v that best characterizes the structural
strength of the head and neck during impulsive loading. He goes on to derive a formula
for the period of a mass-spring with a single-degree-of-freedom and then uses this to
model the head and neck. Using this approach he obtains a delta-v threshold of 11.1 mph
for flexion injury and a delta-v of 8.83 mph for extension injury.
Szabo and Welcher presented further research in 1996 (251) that investigated
muscle activity during low speed rear impact. Of particular interest with regard to injury
thresholds is the histogram the paper contained of published and unpublished research up
to that point that related delta-v to subjects' complaints of pain after testing. Essentially it
shows a greater probability of symptoms as delta-v increases proportional to the sample
population. This histogram is presented in figure 5-5.
In 1997 Siegmund et al (235) conducted low speed vehicle-to-vehicle rear
impacts using 42 male and female subjects. There were 21 male subjects with a mean age
of 26.4 years and 21 female subjects with a mean age of 27 .1 years. Each subject was
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Figure 5-5: Histogram of low speed rear impact test subjects. Image taken from Szabo
and Welcher's 1996 paper.

exposed to a 2.5 mph delta-v impact and a 5 mph delta-v impact while sitting in a 1990
Honda Accord LX 4-door sedan. The bullet vehicle was a 198 1 Volvo 240 DL station
wagon. The bullet vehicle was backed up a ramp a pre-determined distance and released
in neutral with the engine off. The Honda was stationary in neutral and had no braking
applied during the test. Both vehicles possessed energy absorbing 5-mph bumper
assemblies. The same bumpers on both vehicles were used for all of the impact tests.
There was no discussion of the responses of the subjects other than to say that
three subjects withdrew after the 2.5 mph delta-v impact. The same testing, however, was
used in a paper published a year later in a different journal under Brault et al (40). In this
paper the author states that 29% of the subjects exposed to the 2.5 mph delta-v impacts
experienced WAD symptoms, mainly in the form of cervical symptoms and headaches,
and that 38% of the subjects exposed to the 5 mph delta-v impacts suffered likewise. The
paper reported that the duration of the symptoms from the 2.5 mph delta-v impacts in
women lasted statistically significantly longer than those experienced by males, but that
133

there was no difference in the presence, severity, or duration of WAD at the 5 mph delta
v impact level.
In 2000, Krafft et al (137) performed interesting research that used information
from crash data recorders to analyze the acceleration pulses from twenty-eight actual
automobile accidents involving thirty-eight occupants. Their research showed two
interesting findings. The first was that having a tow-bar on the rear of the struck vehicle
increased the risk of long-term whiplash symptoms by 22%. The mechanism for this was
thought to be a higher acceleration pulse from the increased stiffness of the tow bar
compared to vehicles that did not have a tow-bar. The second is more pertinent to this
immediate section in that they found no injury or symptoms of injury to the fifteen
occupants in crashes with acceleration pulses of 6g or less, twenty occupants experienced
short term neck pain symptoms in crashes of 1Og or less, and three occupants sustained
long-term whiplash symptoms after being involved in crashes of 15g and 13g (two
occupants were in one crash, and the third was in a separate crash).
Krafft et al followed up that research with specific research on crash data
recorders in rear impacts (138.). They analyzed 161 occupants from 113 crashes and
found that in cases where the occupants experienced neck pain for more than one month
after the accident the delta-v of the vehicle had been 12.4 ± 3 mph and the mean
acceleration pulse had been 5.3 ± 0.6g. In cases where the occupants experienced
whiplash symptoms for less than one month the delta-v speeds were 6.4 ±1.3 mph and the
resultant vehicle accelerations had been 3.9 ± 0.5g. They also found that no occupant
exhibited pain symptoms for more than a month when the average vehicle acceleration
pulse had been 3g or less. They concluded that mean acceleration was the best measure of
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symptom duration among the many different crash characteristics that were available to
use.

Injury Classifications

It can be said that no two injuries of any type are exactly the same. There exist
several injury scales that are used for motor vehicle accidents. The first prominent injury
scale that was used for automobile crashes was developed by Cornell University in 1943
(206). Several other systems were developed between 1943 and 1968, but none garnered
universal acceptance among the various disciplines involved in automotive crash
research. In 1968 the American Medical Association convened a workshop that drafted
an injury scale that was met with approval from those same various disciplines. In 1971
the Abbreviated Injury Scale was officially published and has since withstood the test of
time.
The AIS is a numerical scale ranging from 1 to 6 that assesses the relative severity
of a motor vehicle related injury. It conforms to the guidelines in the AIS manual which
is updated periodically. The manual is divided into sections referring to different parts of
the body (head, neck, thorax, abdomen, spine, etc.) Within each section, injury
descriptions are listed in alphabetical order by specific body part using medically
oriented terminology. The respective severities associated with each code level are shown
in figure 5-6.
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Code
1
2
3
4

5

6

Sev erity
Minor
Mod era te
Ser ious
Severe
Cri tical
Max imum inj ur y
vir tually unsurvivab le
in AIS-80

Figure 5-6: AIS severity codes. Image taken from Petrucelli's 1981 paper.

The AIS is not a fatality scale. Fatalities are recorded by the Federal government
through the Fatal Crash Reporting System (FARS), established in 1975 by NHTSA.
While FARS itself is not an instrument of measuring injury, it does use an injury rating
system known as KABCOU (158). This injury scale is used by Police Crash Reports
(PARS). The rating scale, and rationale for the name, is presented below in figure 5-7.
The drawback to this scale is that it only lists one rating per person.
Yet another injury scale in use by the Federal government is the Multiple Cause
of Death (MCOD) used by the National Center for Health Statistics (158). The MCOD is
used to assign details to each of the approximate 2,000,000 deaths that occur in the US
each year. The raw coding is in a high-level meta-language which is then translated to the
nomenclature found in the ninth revision of the International Classification of Diseases
(ICD-9). Up to 20 ICD-9 codes can be reported for each individual death.
Similar to the AIS injury scale, the Occupant Injury Classification (OIC) is yet
another rating system developed by the American Association of Automotive Medicine
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K or 4 - killed
A or 3 . incapacitating injury
B or 2 - non-incapacitating injury
C or , • possible injury
0 or O - no injury
U or 5 -= unknown if injured
6 ., died prior to crash
9 = unknown

Figure 5-7: KABCOU severity codes. Image taken from Mango and Garthe's 1998 paper.

as a means of more specifically rating injuries sustained in motor vehicle crashes. In
dealing with cervical neck injuries, however, the need for a more specialized injury scale
has been recognized. In response to this need the Neck Injury Criterion (NIC) was
developed by Bostrom et al in 1996 (36).
The NIC is not a discrete scale like the AIS but is rather a means of computing an
index number that is reflective of the probability of a neck injury. It is based on the
relative acceleration and relative velocity between the first spinal vertebra (C 1) and the
first thoracic vertebra (Tl ). It was first validated using data from experiments on pigs and
subsequently validated on 70 human volunteers and 28 cadavers in 1998. The NIC is
essentially the single equation shown in figure 5-8.
The injury tolerance level referenced in the figure was derived from the tests
performed on pigs. Subsequent testing with cadaver and humans confirmed that 15 m2/s2
still represented the injury threshold for the human neck. In the testing human subjects
began to complain of pain and discomfort at NIC levels of 10, and at NIC levels of 8
there were no complaints from the human subjects (or, presumably, the cadavers).
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·

jNIC = are/ 0.2 + v;eA (tolerance level: 1 5 m 2/s2 )
artt
vrT,

relative acceleration between first spinal vertebra (C1 ) and first thoracic vertebra (T 1 )
relative velocity between C1 and T1, i.e. the time integral of a"'

Figure 5-8: The NIC equation as presented by Bostrom et al. Image taken from Bostrom
et al's 1998 IRCOBI paper.

The final attempt to quantify cervical strain through injury classifications is found
in the Quebec Task Force's research (242) presented in 1 995. The QTF is one of the most
comprehensive studies of whiplash associated disorder to date, and the group of medical
experts that made up the board reviewed over 300 quality research articles before
submitting their findings. They proposed five levels of injury for diagnosing WAD, and
those five levels are represented below in figure 5-9.
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Table 7. Proposed Clinical Classification of Whriplash
Associated Disorders
Grade Clinical presentation
o

II
Ill

No complaint about the neck
No physical sign(s)
· Neck complaint of pain. stiffness, or tenderness only
No physical sign(s)

Neck complaint

ANO

Musculoskeletal sign(s)*
Neck complaint

AND

Neurological sign(stt
IV

Neck complaint

ANO

Fracture or dislocation
• Musculoskeleta1 signs include decreased range of motion and point tender
ness
t Neurologic signs include decreased or absent deep tendon reflexes. weak
ness. and sensory deficits.
Symptoms and disorders that can be manifest in an grades include deafness.
dizziness. tinnitus. headache. memory oss. dyspt>.agia. and temporomandib
ular joint pain.
Dotted lines indicate limits of terms of reference of Task Force .

Figure 5-9: WAD severity classification from the QTF report. Image taken form the QTF
report published in Spine in 1995.
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CHAPTER 6

Occupant Protection from Whiplash Injury

Head restraints, more commonly referred to as head rests, also have an impact on
neck injuries in motor vehicle accidents. They are generally believed to be the most
effective means of preventing neck injury to an occupant during a rear-impact provided
they are positioned correctly, although the argument has been made that seatback
stiffness is more effective at preventing AIS 1 neck injuries (155). The optimum position
for the head restraint is relative to the occupant's head, which suggests that adjustable
head restraints are more desirable than fixed restraints, though research by Nygren et al in
1 985 showed that fixed head restraints reduced risk of neck injury by 24% while
adjustable restraints reduced neck injuries by only 14%. The most likely explanation for
this is found in research by States et al in 1972 that determined that 70% of adjustable
head restraints are not positioned correctly, and in research by Viano and Gargan (243)
which found that only 10% of drivers had placed the head restraint in the most optimum
position to prevent neck injury. That optimum position has been determined to be such
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that the center of the headrest is in line with the center of gravity of the head and the
horizontal distance between the head and the headrest is minimized on the order of O to 7
cm (243, 262). Several countries have adopted standards that set required dimensions and
positions for the headrests. In the U.S. the Federal Motor Vehicle Safety Standard 202
specifies that the minimum head restraint height as measured from the torso be 27.5
inches (745mm) ( 177). In Europe the ECE Regulation Number 25 differentiates between
adjustable and fixed head restraints. The European regulation requirement specifies that
the minimum height of an adjustable head restraint be 750mm and be able to be adjusted
above 800mm, thus explaining the presence of power head restraints in certain European
car models. In the case of fixed head restraints, the same European regulation requires the
minimum height of the head restraint to be 800mm for front seats and 750mm for head
restraints on the rear seats (JASIC). Australia has its own head restraint regulation in the
form of Design Rule 22, which specifies a minimum head restraint height of 700mm
above the H-point of the torso for any adjustable position. In all three regulations there is
no horizontal offset requirement, presumably because of the difficulty in ensuring
compliance ( 1 5 5).
Recent research (26 1 , 262, 2 1 0, 1 77) has shown that the head restraint alone is not
sufficient to fully protect the occupant even if it is in the correct position. This last caveat
is critical to the effectiveness of the head restraint when it is being used in a situation
where it will work as intended. If a head restraint is positioned too low it can act as a
fulcrum for the hyperextension phase of the whiplash sequence and result in more severe
neck trauma to the occupant. This is especially relevant in events of "ramping" in which
the occupant is pushed up the seatback during the collision (269). Due to the inclined
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angle of the seatback, the components of the force acting on the occupant's back are split
into a force component perpendicular to the occupant's back on the seat and a force
component parallel with the occupant's back and the seatback. It is when this parallel
force component is greater than the friction force resisting motion between the seatback
and the occupant (or more correctly, the occupant's clothing), the occupant will slide up
the seat back. This effectively decreases the head restraint height and again results in the
head restraint acting as a fulcrum and exacerbating hyperextension of the spine. In
collisions of great severity, such as that of a commercial truck impacting the rear of a
passenger car at high speed, this ramping motion can propel the occupant into the roof
with great force if the seatback does not yield significantly.
Returning to the head restraint itself, NHTSA mandated that head restraints be
installed for front seats in passenger vehicles in 1 969 through FMVSS 202. O'Neill et al
in 1 972 issued a report three years after the law took effect stating that insurance claims
relating to neck injuries had decreased 1 8% ( 1 77). While this was largely meant to imply
that the mandate by NHTSA regarding head restraints was working, other studies
performed since that time have gathered data that says otherwise (26 1 , 262, 2 1 0, 1 77,
1 24). Sled tests using bioRID dummies and human volunteers have shown that there is a
complex interaction between the seatback stiffness and head restraint and occupant
position during rear impacts (209, 270, 27 1 ). Increasing seatback stiffness was shown to
nullify the effects of head restraints (209) and can result in an increase in the risk of
sustaining a whiplash injury in rear-end collisions where the delta-V is between 8 and 24
kph (5 and 1 4.9 mph). Stiffer seatbacks also tend to increase loads on the thoracic and
lumbar areas of the spine, and injuries to these areas account for the second largest group
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of injuries in rear impacts (124). In collisions with higher delta-V values of around 40
kph the stiffer seatbacks resulted in higher overall neck forces and higher moments in the
lower neck for out-of-position occupants (269). The "out-of-position" qualifier is
important, as Takeda et al demonstrated that 70% of accident cases studied showed
evidence of severe braking by the cars involved. This hard braking has been shown to
move occupants from ideal positions prior to impact (269), and even small variations
from the ideal sitting positions have been shown to result in causing large increases in
impact forces to the occupants (269, 189, 246, 261). Prior to this research there was some
controversy as to whether stiffer seatbacks or softer seatbacks were better at protecting
the occupant in an accident, and although there is no singular simple answer, research
suggests that the softer seatback is better at providing protection from whiplash induced
injury. Stiffer seatbacks had the tendency to create a rebound effect on the upper torso as
the car seat impacted the body of the occupant, which resulted in the occupant's head
missing the head restraint during extension, thus removing the beneficial effect of
preventing injurious motion to the neck (210, 261).
This work has not gone unnoticed by major car manufacturers. Although many
companies are tight-lipped about proprietary new designs, research papers were obtained
that detailed work on new car seats designed to take advantage of this new information.
Based on the new research, and on information collected in the Volvo database,
Jakobsson et al proceeded to identify three guidelines to act as design criteria for the
development of future passenger vehicle seats (124). These guidelines are:
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1. Reduce occupant acceleration - information in the database showed that while
EBS and impact speed were poor predictors of injury, the intensity of the
acceleration pulse was correlated with neck injury.
2. Minimize changes in the curvature of the spine during a crash, thus
minimizing relative movement between adjacent vertebrae and in the
occipital joint - if the spine remains completely motionless during a crash event,
then spinal injury is not likely to occur.
3. Minimize forward rebound into the seatbelt - this is an attempt to increase the
effectiveness of the existing head restraint and minimize interaction with the
seatbelt, which has been shown to influence cervical injury in epidemiological
studies but has not been confirmed in empirical laboratory tests. This is reflective
of independent research by Prasad and Viano, which also advocated softer
seatback design.

These criteria helped lead Volvo engineers to design a seat that attempted to
accomplish all these objectives by incorporating at least one innovative mechanical
feature. The result is a seat that has a new recliner mechanism combined with a
conventional Volvo backrest and repositioned head restraint. In the event of a rear impact
the recliner mechanism initially translates rearward, thus allowing the occupant to sink
into the seat, which brings the head closer to the head restraint. This motion also helps
dampen the acceleration pulse experienced by the occupant. Near the end of this rearward
translation, the seatback can rotate around the hinge joint and continue to both absorb
energy and manage the acceleration pulse experienced by the occupant. These controlled
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motions are made possible by the plastic deformation of a sacrificial metal part inside the
recline mechanism itself.
The remainder of the seat is not as innovative as the company attempts to present
it. The new head restraint is of the fixed non-adjustable type, and it is positioned closer to
the occupant's head and the end height is higher than previously seen. The backrest
incorporates a hinge mechanism on both sides of the seat, thus making it stronger than
other manufacturer's backrests which only use one hinge mechanism.
General Motors has also pursued designs that take advantage of the new research
on softer (i.e. yielding) seatbacks. Compared to their earlier design seat seatbacks dating
from the 1980s and early 1990s which had 40 kN/m stiffnesses, newer seatbacks
introduced in 1997 (and later) featured seatbacks that were designed to yield at forces on
the order of half of the previous seatbacks, having resulting stiffness coefficients of
20kN/m. GM chose a different route from Volvo in the method used to achieve less stiff
seatbacks. Instead of using a device to allow the entire seat to move, as is used in the
unique Volvo system, GM designed a very stiff perimeter frame for their seatback and
kept the center free of any rigid support structure. There is also an energy absorbing
pelvic strap made out of spring wire that is suspended between the sides of the frame. In
the sequence of a rear impact, as the occupant is pushed into the seat cushion between the
perimeter frame, the wire pelvic strap "catches" the occupant and stretches under tension
to distribute the impact motion over the occupant's body over a longer distance and
longer period of time. This essentially lengthens the period of time, and lengthens the
distance, over which the acceleration impulse acts on the human body. Recalling the
detailed diatribe of kinetics in the beginning of this dissertation, and the discussion of
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delta-v as being more of an indicator of acceleration, it can be seen how the effective
delta-v to the occupant is reduced by lengthening the time and distance over which this
acceleration acts on the occupant. In the case of the GM improved seat, the yielding (less
stiff) seatback allows 68% greater displacement of the occupant than the previous stiff
seatback allowed. This in tum reduced the peak force on the occupant by 15% at a delta-v
of 35 kph and 16% at a delta-v of 16 kph (26 1). These lower forces on the back of the
occupant from the seatback also reduces the displacement of the head of the occupant
with respect to the neck before it contacts the head restraint thus reducing the potential
for whiplash injury.
Yet another means of protecting the occupant from whiplash injury is found in a
research paper by Watanabe et al (270). In it they propose a novel mechanism by which
the head restraint is allowed to pivot on the supports attaching it to the top of the seat.
The supports penetrate into the mid-level height of the seatback and the entire head
restraint/support has a longitudinal degree of rotational freedom. The seatback is also of a
standard (between stiff and yielding) stiffness type. During the impact sequence, as the
occupant is pushed into the seatback, this deflection hits the lower part of the supports
holding the head restraint. The entire head restraint then pivots forward, bringing it closer
to the occupant's head as the occupant is still moving into seatback. A picture of this
mechanism can be seen in figure 6- 1, taken from Watanabe's paper.
Watanabe et al don't comment on the force values obtained with this mechanism.
The only reference to it in the conclusion of the paper is given as " . . . a seat system that
moved the head restraint forward and upward by using the occupant's inertial force at the
time of impact suppressed cervical vertebral motions as well as the occupant's visible
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Mechanical linkage system

Figure 6-1: Watanabe's active head restraint.
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motions [that are] thought to be closely related to the whiplash mechanism." (brackets
added). The authors appear to be rather modest on this point, as the raw data provided in
the paper shows a significant dampening of the rotational acceleration of the head and
cervical vertebrae compared to other seats that did not have the active head restraint but
did have the same standard seatback stiffness. The authors curiously did not include force
data on the head and neck but it is unknown whether the data showed unfavorable results
(i.e. increased loading on the head and neck) or if the test dummies and human volunteers
used to evaluate the new seat designs simply weren't instrumented with force sensors.
The extent to which the clever active head restraint design is being applied to vehicles
built for sale to the public is unknown, but the device was being evaluated by HHS using
anthropometric test dummies (ATDs) as of late 2004.
One difficulty in achieving occupant protection in motor vehicle crashes is that
there is great importance being placed on making vehicles more efficient and less fuel
consumptive. Given the current state of thermodynamic efficiency with current
automotive technology, the efficiency of the internal combustion engine (about 25%, give
or take) is not likely to change in the near future. Thus, in order to consume less fuel and
being unable to significantly improve efficiency, a corresponding decrease in mass is the
only available alternative. Although the average vehicle in the United States is actually
heavier today than several decades ago largely due to the explosion in popularity of sport
utility vehicles a decrease in mass is evident ( 1 27) in the trend towards composite and
polymer materials in conventional passenger cars. This decrease in mass has the
undesired effect of creating higher accelerations of the vehicle, and thus the occupants,
during a collision with another heavier object, and is contrary to the first of the guidelines
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outlined by the Volvo research above. In order to reduce the severity of the occupant
acceleration, new and different energy-absorbing structures are being developed for
smaller cars. This is another area in which occupant protection from whiplash injury
needs to investigated.
There were no other devices or designs found in the literature search that
presented any other method of protecting the occupant from whiplash injury in the event
of a rear-impact. The impact of seatbelts was discussed earlier in the section on the
pathology of whiplash injuries. The most recent advance in seat belt technology has been
the development and implementation of pretensioning devices which are designed to
remove the slack from a seatbelt during a crash event so that the occupant is actually
physically restrained by the belt and does not move forward a distance before the
impacting a loose belt. This is another effort aimed at reducing occupant injury by
reducing the peak accelerative loads experienced by an occupant by as much as 20% (2)
and corresponds with the first item in the Volvo occupant protection guidelines outlined
above.
Seat belts are not designed to counter whiplash injuries, although research
suggests they are associated with a greater risk of neck injury in motor vehicle accidents.
The extent to which seatbelt pretensioning affects whiplash is unknown but would be a
worthy area for future research. Muller (173) advocates tightening the lap belt first and
with greater force than the shoulder belt, and it is presumed but not definitively known
that the shoulder belt would tighten before the rebound of the occupant's torso into the
belt and the resultant head flexion occurs. It would seem that seatbelt pretensioners used
with yielding seatbacks and active head restraints would be the most effective
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combination of occupant protection from injury during a motor vehicle accident but as
yet there has been no integrated testing published.
Research showing a greater risk of minor neck injury when using seatbelts should
not be construed as a reason to discourage seatbelt use, as more serious injuries are
prevented by the use of the belt in the majority of accidents.
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CHAPTER 7

Automotive Crash Methodology

Foundations of Analytical Tools

In order to understand how automotive crashes damage tissue, some time must be
spent on understanding how crashes are quantified. Kinematics and kinetics are the two
primary methods by which the behavior of crashes can be measured. The basis for
kinematics lies in the fundamental relationship between time and distance,

(1)

V = 8s/8t

and between velocity and time,

(2)

a = 8v/8t
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It should be noted that the equations presented in 1 and 2 are instantaneous
values, and that average values would be expressed as simply

(3 )

V avg

= tJ.s/tJ.t

aavg

= tJ.v/tJ.t

and

(4)

The relationship between position, velocity, and acceleration is fundamental to the
understanding of kinematics. In terms of calculus, if the position of an object a as a
function of time is known, then the derivative of that position will yield the instantaneous
velocity as seen in equation 1. The time derivative of this new velocity function then
yields the instantaneous acceleration as seen in equation 2.
lim(tJ.v/tJ.t) = 8v/8t = a instantaneous
t +0

The three kinematic equations that relate position, velocity, and acceleration when
that acceleration is held as a constant are derived from these two simple relationships.
The derivation of these equations is performed in the appendix for those who are
interested. It is primarily the acceleration that is of concern to injury that arises from
automobile crashes. Velocity in itself is not damaging. In contrast to the old propaganda
"speed kills", it is not speed that kills but rather a difference in speed that occurs over a
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relatively short time or distance that produces forces that can cause injury. The injury can
be caused by inertial forces of the tissue itself or the impaction of the tissue on other
surfaces, such as the interior of the automobile. The observed fundamental relationship
that exists between force and acceleration is otherwise known as Newton's second law. It
introduces the concept of kinetics, which deals with mass as introduced into mechanics
by Newton in his Principia.
As seen in equation 2, acceleration is the rate of the change of an object's velocity
with respect to time. While it is normally associated with a change in linear velocity,
where an object is either speeding up or slowing down, an object also accelerates when it
changes direction. This is due to the fact that velocity is a vector with both magnitude and
direction, and even if the object isn't slowing down, the direction is changing and thus
the velocity will change. This acceleration is typically identified as normal acceleration,
while the acceleration experienced from the magnitude of the velocity changing is
referred to as tangential acceleration. The overall resultant acceleration is the vector sum,
or square root of the sum of the squares, of the normal and tangential acceleration
components.
As stated, acceleration is the change of velocity over time. The units of
acceleration are expressed in "distance per time, per time". This is the most basic way to
illustrate that acceleration is the change in velocity per unit of time, such as feet per
second, per second, or ft/sec/sec. The units are customarily written by combining the
units of time together as in ft/sec2 . For example, in the USC and British measurement
system gravity is normally expressed as 32.2 ft/sec2 , and in the SI or metric system
gravity is expressed as 9.81 m/sec2 , where the unit distance of the meter replaces that of
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the foot. The units of time, however, need not be the same. Gravity can also be expressed
as 22 miles per hour per sec, where a falling body increases its speed by 22 mph over
each second that it falls, or 35.3 km/hr/sec, where a falling body gains 35.3 kph during
each second it falls. The object still falls at the same rate regardless which system is used,
but the units by which the object is measured as it falls are different.
Humans have lived with acceleration in the form of gravity for as long as they
have been on earth. Gravity plays a hugely important role in maintaining physical health,
as studies of astronauts and cosmonauts have shown that decreases in muscle mass and
decreases in bone density can begin to occur within hours of exposure to zero gravity
(78). When the first object was lobbed in the direction of a potential food source, the
thrower observed the effects of gravity on projectile motion firsthand. It is possible that
the thrower observed that if they threw the object harder, it went farther, but it is
unknown when the concept of engineering mechanics was first born. The date of the first
written work is not known with any great accuracy, but what is known is that many,
many people have contributed to the science of engineering mechanics as we know it
today.
The written history starts in the Hellenic era with the writing of a treatise called
Problems of Mechanics, or Mr,xav1 xa ngo'3A�µaTa in the original Greek script. The
author is unknown and the theory provided in the text is not scientifically correct, as it
confuses the idea of weight and mass and introduces the lever as a functional application
of the magical properties of the geometric circle. In the same period Aristotle (384-322
B.C.) published his Physics which was also erroneous in the sense that Aristotle
submitted that no natural motion could occur in a vacuum and that that the air around a
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projectile in motion provides the motive force which assures the continuity of the motion
of the projectile. However, Aristotle did grasp a principle similar to inertia and justified
its existence in the same way that later 18th century physicists did (72).
After Aristotle, there was Archimedes (287-212 B.C. who used his concept of the
lever to nearly defeat the Roman siege of Syracuse, but met his end there when the city
succumbed to internal betrayal and the Plague), Heron of Alexandria (c.100 B.C, who is
incidentally credited with creating the coin-slot machine and the concept of moments),
Pappus (c.300 A.O.), Euclid (c.970 A.O.), Jordanus (c.1150 A.D.), anonymous, (c.1200
A.D., student of Jordanus credited with the angular lever and the inclined plane), Buridan
( c.1330, who first postulated the concept of inertia as impetus and is credited with first
stating that the motion of a moving body will continue indefinitely if not diminished by
some resistance), Albert of Saxony (c.1350, credited with the concept of the center of
gravity of an object and for formulating v = at), Oresme (c.1370, who related the linear
slope of a line with the area underneath it and for formulating s = ½gr = Vavg *t ),
Heytesbury (c.1370, introduced the concept of acceleration as the difference of velocity
with respect to time, and the derivative of velocity from position and the derivative of
acceleration from velocity), Blasius of Parma ( c.1400), Nicholas of Cues (c.1430),
Leonardo da Vinci (c.1480), Copernicus (c.1500, for saying the earth is round because of
the gravitational attraction of objects everywhere on its surface), Stevin (c.1600,
parallelogram rule of orthogonal forces), Solomon of Caux (c. 1 600, mechanical
definition of work), Galileo (c.1600, for determining that gravity uniformly accelerates a
falling object and determining that projectile motion is composed of independent motion
in the vertical and horizontal axes), Descartes (c.1630), Wallis (c.1670, for linear
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momentum), Wren (c.1670, elastic impact), Huygens (c. 1 670, principle of inertia and
conservation of momentum in collinear impact). And at this point there was Isaac
Newton, who made such an impact on his surrounding environment that the poet
Alexander Pope, a contemporary, wrote this epigraph intended for Newton's tomb in
Westminster Abbey (63):

Nature and Nature's laws lay hid in night;
God said, Let Newton be! and all was light.

Isaac Newton published his Principia Mathematica in 1687. In this work Newton
laid down the foundation of engineering mechanics as we know and practice it today. The
motivation for writing the Principia was not to elaborate on rectilinear mechanics but
rather to address the problem of finding a planetary orbit that would be produced by an
inverse-square central force. Edmund Halley had proposed this problem to Newton in the
summer of 1684 after Wren, Hooke, and Halley himself had surrendered to the difficulty
of it. Unbeknownst to them or the rest of the world, Newton had already solved the
problem four years earlier after Hooke had first made him aware of it through informal
correspondence. Later, Hooke demanded partial recognition for his contribution to
making Newton aware of the problem, but Newton declined. Halley encouraged and
motivated Newton to publish his solution to the problem, which first began as a short
tract titled De Motu and eventually grew into the Principia (59, 183, 184).
Contrary to popular assumption, the intent of the Principia was not solely to
investigate mechanics. It was written to illustrate the subject of forces and motions in free
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spaces and then to subsequently apply those laws to celestial mechanics, as in the original
inverse-square orbital problem. The concepts contained within the work are certainly
applicable to rectilinear mechanics, and Newton's introduction of the concept of mass is
one of the greatest contributions acknowledged in the Principia.
The introduction of the concept of mass into the zygotic form of kinematics as it
existed in the later-middle seventeenth century resolved many of the fundamental
problems that earlier mechanicists, or geometers, encountered in trying to mathematically
model the motion of objects. Newton knew that the characteristic defined as mass stayed
the same at any point on the earth, but that the characteristic known as weight changed
with respect to elevation. He was incorrect in the way he expressed the idea of mass, but
he did incorporate it correctly into his three laws of motion.
Newton based his first law on the germ of an idea found in Descartes' Principia
and later refined in accordance with Huygens's Horologium Oscillatorium of 1673. Some
scholars have argued that Galileo was actually the originator of the concept of the first
law, but this is based on Newton's own accolades awarded to Galileo. This
misunderstanding merits further discussion. Newton accredited his first and second law
concepts to Galileo because of Galileo's observations that a heavy body doesn't move on
a horizontal surface without the surface being inclined to some degree and that gravity
produces a uniform acceleration on a falling object, respectively. The problem with this is
that Galileo did not understand the fundamental concept of mass in the way that Newton
did. Newton was generous in extending this recognition to Galileo but also erroneous.
The reason Newton's Principia is awarded its status is because Newton formulated his
laws correctly with the incorporation of the concept of mass. This is not to say that
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Newton's Principia is accurate in its entirety, as there are some errors in how Newton
attempts to convey his notion of mass, but the formulation of the three laws of motion are
the basic truths of engineering mechanics as we know them today.
Newton wrote his original text in Latin and the translation is taken from LB.
Cohen's 1 999 edition of Cohen and Whitman's original translation of Newton's original
Principia text (REF). This translation is widely regarded as the most accurate English
translation available and differs from Matte's 1727 translation, which has been shown to
contain numerous inaccuracies. The first and second laws are stated as:
Law I - Every body perseveres in its state of being at rest or ofmoving uniformly
straightforward except insofar as it is compelled to change its state byforces impressed.
Law II - A change in motion is proportional to the motive force impressed and
takes place along the straight line in which thatforce is impressed.
In teaching dynamics to freshman engineering students, the above definitions,
though original, are not palatable. Experience has shown that repetition and simple
declarative sentences are most effective at conveying information to this audience. A
simpler way to state the laws in accordance with the receptiveness of the designated
students could be:
First Law: An object at rest will remain at rest until acted upon by an external
force. An object in motion will remain in motion until acted upon by an external force.
Second Law: An object is accelerated at a rate that is equal to the ratio of the net
force resultant applied to the object divided by its mass. The direction of the acceleration
is in the direction of the resultant applied force.
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In studying the laws, it seemingly becomes apparent that the first law is merely a
special case of the second law when there is no force acting on the object, i.e. the
acceleration is zero because the force applied is zero. The reason the first law is posited
by itself is due to the fact that the force that Newton was describing in it was continuous
(or continual, as Newton preferred) in nature, not impulsive and the force in the second
law was impulsive. This is made clear by the examples he uses to illustrate each law later
in his Principia text (184, 185). This is also why the more familiar form of the second law
seen in equation 4 is not found in Newton's Principia. In formulating the second law
Newton was resolving the problem of curvilinear motion, not rectilinear motion, as it
related back to one of the two fundamental problems that the Principia was written to
address, that of being able to mathematically quantify the actions of universal gravity
(59). Newton did use the second law in context with a continually applied force later in
the Principia (Book 2, Prop. 24) but his principal presentation of the second law was with
an impulsive force. Some have suggested this was because Newton's contemporaries
abhorred the notion that a force could produce action at a distance, as in planetary
gravitational force, but it is more likely that it stemmed from his analysis of curvilinear
motion. His first formulation of acceleration in the second law is based on that of
centripetal acceleration, where he states that the centripetal force is proportional to v2tr.
Newton claimed that this was an independent discovery for him even though Huygens
had published it in his Horologium Oscillatorium in 1673.
The discussion of Newton and his contribution to mechanics would be remiss if
only the first two laws are mentioned, so some space will be used for his third law, also.
The eminent physicist Ernst Mach, normally a heavy critic of Newton's work, considered
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Newton's third law of motion to be his greatest contribution to the principles of
dynamics, giving it precedence over Newton's introduction of mass into mechanics.
Indeed, Newton's third law is vital in any discussion involving force in mechanics, and it
is the only law which Newton did not share any credit with his predecessors for
developing. It is believed that he formulated it while studying elastic and inelastic
collisions, as the behavior of such collisions had been a major focus of seventeenth
century mechanics. Descartes had earlier written an entire section in his own Principia
about collision theory that was entirely in error. Newton's third law as translated by
Cohen is:
Law III - To any action there is always an opposite and equal reaction; in other
words, the actions of two bodies upon each other are always equal and always opposite
in direction.
A common error in interpreting Newton's third law is to assume that because one
body (body X, for example) exerts a force on another body (body Y) with a force that is
equal in magnitude and opposite in direction to the force exerted by body Y on body X
that a condition of equilibrium is achieved. This is not the case because the forces are
acting on different bodies.
While all three of his laws are of direct importance to the work of this
dissertation, it his second law that is most pertinent to the study of how automobile
crashes damage human tissue. As mentioned, Newton's second law as published in the
Principia is not immediately recognizable to the one found in mechanics textbooks today.
Newton's presentation of the relationship between force, mass, and acceleration was to
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express the change in velocity of an object as proportional to the net force being applied
to the object:

(5)

F oc 8V

Most students of engineering mechanics are accustomed to seeing the equation
written as

(6)

�F = m * a

where items in boldface are vector quantities. The nature of each force in the two
equations is different, as the force in equation 3 is impulsive whereas the force in
equation 4 is continuous. At this point one must inquire as to the nature of the second
more familiar equation. The first recorded instance of mathematically expressing
Newton's second law with respect to a continual force is found in Phoronomia, a text on
mechanics written by Jacob Hermann in 1716 (59), where it appears as

(7)

G = M8V : 8T

Furthermore, the term 'dynamics' was not the customary term used to describe
what Newton or any of his predecessors had done in their time. It was a term coined by
Leibniz after the publication of Newton's Principia, and a term which Newton
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strenuously objected to on the basis that Leibniz had no right to name something which
Newton and others had created (59).
Engineers tend to modify physical and mathematical principles into forms that are
more easily applied in the practical sense and Newton's laws are no exception. Both
representations of the equations are interpreted as Newton's second law. The important
item of interest is how the concept of acceleration is related to force. When an object that
possesses velocity is acted upon by an external force that results in a change in the
object's velocity, an acceleration is produced. That acceleration can be either positive or
negative depending on whether the net external force on the object acts in the direction of
the object's velocity vector or against it. The magnitude of the acceleration is a function
of the magnitude of the velocity change, the length of time it takes the change to occur,
and the mass of the object. Another way to look at Newton's second law is to substitute
the right side of the relationship shown in (2) for a in equation (4),

(8)

1:F = m * (ov/ot)

which more clearly shows the relationship between velocity and force. If the change of
velocity occurs over a very short time increment, and the mass of the object is large, then
even a small change in velocity can generate a large acceleration and therefore large
forces. It should also be noted that this form of Newton's second law is the beginning of
the derivation of the principle of linear momentum and the principle of work and energy.
Automobiles experience the conditions described in equation (5) every time they
are driven. Vehicles are driven at very high speeds and then brought safely back to a stop
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without any damage to the vehicle or the occupants millions of times every day. The
automobile crash, therefore, is a special case of slowing a given vehicle. The primary
difference between the normal negative acceleration of a vehicle and the negative
acceleration that occurs in a crash is the amount of time over which the change in
velocity occurs. In normal negative acceleration without resulting damage, the vehicles'
brakes are applied by the operator to change some of the kinetic energy possessed by the
vehicle into heat. Given that the mass of the vehicle stays the same, this reduction in the
vehicle's kinetic energy results in a nonlinear decrease in the object's velocity. If the
operator continues to brake the vehicle will eventually convert all of its kinetic energy
into heat and the vehicle will no longer possess any velocity. This entire sequence can
only occur as fast as the braking system can dissipate heat, or in the case of locked
brakes, as fast as the resulting drag factor acting on the tires can slow the vehicle through
their resistance. There are faster ways to change the velocity of a vehicle but with
increased velocity change comes greater force and driver discomfort. The current method
of vehicle braking also occurs over a period of time that is within normal driving
situations, such as braking from 30 mph to stop at a stop sign or braking from 70 mph to
40 mph for an exit ramp.
In a vehicle crash, the change in velocity is not provided by the vehicle's braking
system but rather by another object, or by another object impacting the subject vehicle.
The kinetic energy possessed by the vehicle (or in the case of a struck car, the striking
object) is not dissipated through the brakes or the tires but through elastic and plastic
deformation of the vehicle's structure and any distance traveled after the impact. This
deformation of the vehicle will depend on the rigidity of the object that is struck. If the
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object is a rigid, fixed barrier such as a concrete bridge abutment, the deformation will
correspond to the entire amount of kinetic energy the vehicle possessed before impact. In
vehicle crash testing such as that conducted by NHTSA and HHS, this is referred to as
the barrier speed of the impacted vehicle. The resulting crush of the vehicle results
entirely from the kinetic energy that the vehicle possessed immediately prior to impact. If
certain characteristics of the vehicle structure are known, then the deformed part of the
vehicle can be modeled as a plastic spring. This empirically-derived mathematical
modeling procedure can then be applied to the same type of vehicle involved in other
real-world impacts to determine what equivalent speed into a rigid barrier would have
been required to produce the same amount of damage. This is then known as the
equivalent barrier speed or EBS. This mathematical modeling procedure is useful in
accident reconstruction in determining the amount of energy that is absorbed by the
deformed structure of the vehicle. Many people have contributed to the development and
refinement of this procedure over time, such as Campbell, McHenry, and Prasad. A
derivation of the equation that is currently used in determining crush energy is provided
in the appendix, as well as the derivation for determining the barrier equivalent impact
speed from that energy, which is nothing more than a rearrangement of the kinetic energy
equation.
Returning back to the subject at hand, if the struck object is another vehicle, then
there will likely be some movement of both objects after deformation has occurred (post
impact travel). In the case of a stationary vehicle being struck by a moving vehicle, as is
the subject of research in this dissertation, the energy of the striking vehicle will impart
some energy into the stationary vehicle. This will result in the stationary vehicle gaining
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velocity and thus experiencing a positive acceleration while the striking vehicle will
experience a loss of velocity and therefore a negative acceleration.
Some discussion must be given to the definitions of scalars and vectors, also, due
to the nature of the accelerometers that are used in the reviewed research. By definition, a
scalar is only the magnitude of a measured item, whereas a vector is a magnitude with an
accompanying direction. For example, your speedometer gives you the instantaneous
velocity of your vehicle, but it alone cannot give any information about the direction that
the velocity is occurring in. This instantaneous velocity of your vehicle is referred to as
speed. However, if you had a compass readily available that provided information about
the heading that your speed was occurring in, you would then have the vector that
described the velocity and the direction of your vehicle. The same concept applies to
acceleration. Accelerations that have a direction associated with them are vectors by
definition.
The mathematical tools that have been presented thus far provide the basis for the
majority of the techniques currently used in crash reconstruction. The three basic
kinematic equations, the principle of work and energy, the principle of impulse and
momentum, and Newton's laws of motion are the pillars upon which these reconstruction
tools rest. Each of the mathematical relationships expressed by these tools can be further
modified to provide relationships between shared parameters. For example, the energy
used in deforming a vehicle structure can be reasonably determined by treating the
vehicle as a linear spring. This approach has been developed by Emori (96), Campbell
(46), and McHenry (165), and further modified by other researchers in later years. The
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analogous spring coefficient of the vehicle, known as a crush coefficient, is empirically
determined through crash testing into a rigid barrier.
Low-speed impacts are modeled using a different approach because the
magnitude of forces involved in the impact are much lower than those in impacts where
plastic deformation of the vehicle structure is significant. The best mathematical tool
available for modeling low-speed impacts is the Momentum-Energy-Restitution (MER)
method, which combines the principle of conservation of momentum, the principle of
conservation of energy, and the coefficient of restitution to arrive at two mathematical
relationships between vehicle mass, energy absorbed, closing velocity, delta-v, and the
coefficient of restitution. These relationships are presented in figure 7-1.
As can be seen, the top equation relates the closing velocity of the impacting
vehicles to the energy absorbed in the impact and the coefficient of restitution. The
bottom equation relates delta-v of the striking vehicle to the closing velocity and the
coefficient of restitution. These equations can be used in conjunction with the equation
for the coefficient of restitution to arrive at a theoretical means of determining striking
vehicle impact speed and the delta-v of the struck vehicle if the energy absorbed in the
collision is known and if the coefficient of restitution is known, assuming that the masses
of the vehicles are already available. The practical application of these equations is more
limited in the real world than in the aforementioned crush energy methodology, however,
because the variables in the MER equations are heavily interdependent on one another
and are also very sensitive to small changes in value. In the case of attempting to
determine the impact velocity of the striking vehicle, even assuming that the struck
vehicle was at rest, an approximate value for the restitution must be assumed. The
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2Ea (M1 +M2 )
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A� = M2 (l + e)(VcJ
(M1 +M2 )
Figure 7- 1 : MER equations. Image taken from Happer et al's 2003 SAE paper.

problem with this is that the COR ranges from O (fully plastic) to 1 (fully elastic), with
low speed impacts generally bracketed between 0.2 and 0. 7. Much research has been
published that evaluates the COR for many different types of low speed impacts, but the
problem is that a small error in the COR translates into a larger error in the speed
estimate that effectively renders the MER method impractical for low speed use, as the
tolerance associated with an estimate may be greater than the speed estimate itself. It is
also accepted that handbook values for the COR are generally unreliable ( 112).
Exacerbating this is the required estimation of energy absorbed in the collision
which is nearly impossible to determine by current methods used in inspecting vehicles
for low speed damage in vehicles with flexible plastic foam-supported bumpers, as these
vehicles have been shown to absorb impacts of up to 8.5 mph without damage ( 135).
Further discussion of the application in vehicle impact testing is found in Chapter 9. The
MER method has usefulness in the testing environment, though, as instrumented impact
testing usually enables the recording of the COR and the energy absorbed to a reasonable
degree of accuracy. One example of such use is the verification of data collected in
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empirical testing. In the research in this dissertation, the calculated delta-v of the Mazda
using the bottom MER equation will be used to check the validity of the COR values
obtained in the testing. Also, the top MER equation will be rearranged to enable the
energy of the impact to be calculated based on the validated COR values and the
validated closing velocities.

Measuring Acceleration in the Real World

Measuring acceleration in the "real world" introduces a host of technical
challenges that aren't encountered in nice, neat textbook dynamics problems. One lesson
that was learned from the research in this dissertation is that obtaining useful data from
an accelerometer is a challenge unto itself. One doesn't simply slap an accelerometer
onto something and then stand back and watch the actual acceleration appear on a
computer screen. The output of an accelerometer is an analog electrical signal that is
proportional to the force the accelerometer experienced. This force is converted to a
proportionate acceleration by specific software. The accelerometer experiences continual
forces, but the software can only interpret and record one discreet force in a finite amount
of time. This time increment is usually very small and the resulting number of
acceleration samples is normally several thousand per second. The number of samples
that can be recorded in one second is referred to as the sampling frequency and has the
units of Hertz. One sample per second would be 1 Hz, one thousand samples per second
is 1000 Hz or 1kHz.
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The Society of Automotive Engineers has established guidelines and standards for
accelerometers used in vehicle impact testing. The SAE 121 1 standard specifies that the
minimum sampling frequency used in impact testing should be 10,000 Hz, or 10 kHz.
Sampling rates of this magnitude return data that looks like a random waveform
on an oscilloscope with acceleration on the vertical axis and time on the horizontal axis.
As mentioned, the signal from the accelerometer is analog, and this analog signal is
transmitted to an analog recording device mounted remotely from the accelerometer and
connected only by the data wire to the accelerometer. In this wire or in the input to the
analog recorder there is normally an electronic filter which smoothes out the high and
low points of the data stream. This analog recorder does the actual sampling of
accelerometer data and outputs a stream of sampled data. This data stream must be
converted to a digital signal before it can be interpreted by the software used on the
computer to actually plot the results in a meaningful fashion to the researcher, and this is
normally accomplished through the use of an analog-to-digital converter mounted near
the analog recorder, which are both usually mounted near the computer. Once the signal
is converted to digital format, there still remains the issue of presenting this digital data
stream as some kind of meaningful representation to the researcher. This is handled by
software installed on the computer itself. Many different software packages are available
for this purpose, such as Labview or HP-VEE. Finally, this software plots the data stream
with respect to time so the researcher can finally see the acceleration effects of the impact
on the accelerometer with respect to time. The acceleration can be displayed in whatever
units the software is calibrated to display, such as meters per second squared, or G's. The
time is usually shown in increments of thousandths of a second, or milliseconds (ms).
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This discussion of the actual signal process is interesting, but without correct
application of a functioning accelerometer and data collection system, any data obtained
will be meaningless, or worse, incorrectly interpreted. Accelerometers record forces, and
software parlays those forces into accelerations. In order to gather data that can be
usefully interpreted, however, there must be a means of associating those recorded
accelerations with the object that is being studied. Given that we live and exist in a three
dimensional world, and the current topic is discussing the measurement of acceleration in
the real world, we can divide the resultant acceleration of an object into vector
components using a directional accelerometer. The most obvious directional
accelerometer would be one that records accelerations in all three axes: up-down, left
right, and back-forth, or X, Y, and Z in Cartesian coordinate terms. Accelerometers that
can record accelerations in three axes are referred to as triaxial accelerometers. There are
accelerometers that record acceleration in two perpendicular axes, and these are referred
to as biaxial accelerometers.
Given that the accelerometer is triaxial, there still remains the issue of mounting it
in such an orientation that the data it returns will correspond to a previously defined X, Y,
and Z axis system. This external coordinate system is defined by the researchers and
usually has one axis in line with an identifiable longitudinal axis of the subject. For
example, the coordinate system on a passenger car is usually made at the center of mass
with the X-axis pointing along the length of the vehicle (back to front) and parallel with
the ground. The Y-axis is then normally also positioned so that it too is parallel to the
ground, which results in the Y-axis running from side to side. This relegates the Z-axis to
running up and down through the center of the car. Placement of a triaxial accelerometer
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on the vehicle would then follow this same axis system, although the accelerometer
would not likely be mounted at the center of gravity because of practical difficulties. The
only piece of information needed at this point would be the assignment of the positive
directions of the system axes. The SAE 1211 standard specifies that the positive X-axis
be toward the front of the vehicle and that the positive Y-axis be directed to the right of
the vehicle. The standard also specifies using the conventional right-handed coordinate
system in which the fingers of the right hand are curled around the Z-axis from the
positive X-axis to the positive Y-axis and the direction the thumb is pointing then directs
the positive direction of the Z-axis. For the vehicle, then, the fingers of the right hand
would grasp the imaginary vertical line of the Z-axis with the palm toward the right side
of the car and the fingers would then be curled towards the Y-axis. The resulting
direction of the thumb is downwards, thus signifying the positive Z-axis as being towards
the bottom of the car and the negative Z-axis as being towards the top of the car. An
example of this is shown in figure 7-2.
Now that a standardized coordinate system can be used for referencing features of
an object, such as a human occupant in a car, an accelerometer can be placed on the
object of interest in an orientation that will yield data in each axis. This data can then be
compared to the vehicle and the forces that acted on it to generate the measured
acceleration.
In the case of measuring human occupants during vehicle impacts, however, the
shape of the human presents challenges in accelerometer mounting. Human beings don't
normally come in the form of a rectangular box that is constrained to move only along the
three Cartesian axes, and although there are a fair number of people who are referred to
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-Z Direction
(negative up)

+ X Direction
(positive forward)

+Y Direction
(positive right)

Figure 7-2: Illustration of Right-hand Coordinate System per SAE J21 1 standard.
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as having three-dimensional rectangular heads, in the researcher's knowledge this term is
only used metaphorically. Thus, to measure the acceleration of a human head, or other
appendage, one or more unique and independent coordinate systems are sometimes
required to quantify accelerative forces acting on a human body. One example of this is
given in figure 7-3, taken from Szabo and Welcher's 1994 paper on occupant kinematics
in low speed rear impacts.
In the image, one can see that all of the coordinate systems have independent
origins and that the axes all correspond to the SAE 1211 standard. At each origin shown,
a triaxial accelerometer was mounted in the orientation of the represented axes.
The general overview of the accelerometer setups used in previous research
consisted of the accelerometer itself mounted on the object of study, a data acquisition
and post-processing device, a software program to interface the devices
and display the results, and a computer to run the software package on. In most cases the
accelerometers were mounted in blocks that were then rigidly mounted to the vehicles or
attached to the occupants using either specialized headgear, a headband, or medical
adhesive, or a combination of all three. The types of accelerometers varied but the most
commonly seen were made by IC Sensors and Entran. The IC Sensors were mostly model
303 1 -050 with the gain adjusted between 615g full scale to 650g full scale, depending on
the application. When mounting the accelerometers on the vehicles, positions were
chosen that were intended to minimize displacement from deformation and record only
the acceleration of the center of mass of the vehicles. Positions chosen for testing
included the rocker panels, the framerails, and in some case were unspecified (274) other
than saying they were attached to the approximate static center of gravity.
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Figure 7-3: Occupant and seat coordinate system used by Szabo and Welcher in their low
speed rear impact research. Image taken from Szabo and Welcher's 1994 paper.
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Positioning of the accelerometers on the occupants was more challenging. In these
studies of occupant acceleration, the position of the accelerometer will only report the
acceleration experienced by the part of the body it is rigidly attached to. Here again the
fact that the human body is not a rigid body complicates the application of the scientific
methodology associated with these tests. Most of the articles were attempting to
determine thresholds of cervical injury or correlate cervical accelerations to
characteristics of rear impact. The challenge is to record acceleration of the cervical areas
in question. Accelerometers mounted on the head will unlikely report accelerations that
the cervical region is experiencing, and due to the nature of the cervical anatomy, the
accelerations of each vertebrae may not be the same despite their proximity to each other.
In most of the articles the researchers mounted accelerometers on the subject's head
through the use of instrumented headgear and used some type of algorithm to
approximate the accelerations of the vertebrae and/or the center of mass of the head from
the accelerations of the accelerometer at the known locations on the headgear. To
measure vertebral acceleration many researchers mounted the accelerometers directly to
the vertebral bodies using medical adhesive or skin adhesive (250).
Although the use of accelerometers in this testing had originally been considered,
it was ultimately decided that the use of these units, while certainly interesting, would be
beyond the scope of this research. This dissertation is concerned with correlating paint
and bumper damage with different impact velocities. The delta-v of the impacting vehicle
and impacted vehicle will be determined through the use of digital video photography,
and the time interval at which this occurs over can be used to determine an average
acceleration of each vehicle. The delta-v and average acceleration can then be compared
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to the volumes of research that already exist that have investigated the correlation
between delta-v, acceleration, and occupant injury, and tentative conclusions drawn from
that comparison. The discussion of accelerometers is relevant to the work in this
dissertation because the connection to human engineering is found in the application of
this impact data to previous research using these devices on human test subjects.
Having established that acceleration is related to force, and that the previous part
of this work described how force is related to injury, it can be seen how the measurement
of acceleration of a vehicle and the acceleration of the vehicles' occupants can be useful
in determining how much force is applied to the same vehicle and occupants. Further, if a
threshold of injury is known to occur at some level of force, then the accelerations at
which that injurious force is produced can also be determined, and compared with the
accelerations measured during the actual research itself.
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CHAPTER S

Instrumentation

The measurement of vehicle speed in this research is accomplished through
frame-by-frame review of digital video footage. The digital video camera is a Panasonic
PV-GS400 serial number G5HG50725 and is equipped with 3 CCD units. The camera
was mounted on a tripod approximately 25 feet away from the line of impact. Two large
scales were constructed (8' long and 1.5' high) that were placed on the concrete surface
parallel to the direction of travel of the vehicles. These scales were painted white and had
alternating long and short hash marks along the top edge of the face that were spaced 3"
apart on center. These scales were placed approximately 6" away from the vehicles,
parallel to the vehicle's path, so that as the vehicles were observed from the left side
during impact, the scales provided a known distances to measure the movement of the
vehicles as they progressed through the impact kinematics. A photograph of these scales
is shown in figure 8-1.
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Figure 8-1: Photograph of the scales used to determine displacements of the vehicles
during testing.
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A fifth-wheel was fabricated from scratch and mounted to the rear of the Mazda.
This wheel was equipped with a modified Cateye Enduro 8 cyclocomputer that displayed
the speed of the Mazda to the driver. A photograph of this unit is provided in figure 8-2.
A Pharos GPS-360 unit (serial number 36BLC5A 15896N) was used with a
laptop computer as another means of displaying low vehicle speeds. These two devices
were used to establish the distances up the hill that the Mazda would need to be released
from in order to achieve the desired speed at impact with the Taurus. A photograph of the
laptop in the Mazda is shown in figure 8-3.
Two digital video software programs were used in analyzing the footage of the
testing. Motion DV software that accompanied the Panasonic camcorder was used to
download and analyze the testing in every case. This was done to ensure consistency, and
because it displayed each individual frame of the footage. In cases where there was some
doubt as to the accuracy of the data because of problems with the resolution of the
footage, the recorded motion in question was analyzed using Windows MovieMaker as
well. The drawback to this program is that it did not allow each individual frame to be
observed but rather skipped forward in time increments greater than 1/30 of a second. It
did present a bigger image of the frames but with corresponding poorer resolution. When
used to help estimate questionable footage, though, it worked well.
A contact light switch was fabricated that allowed the duration of impact to be
determined to the nearest 30 ms. This light switch was calibrated so that when the
bumpers contacted each other a 75-watt light bulb visible in the frame illuminated and
then extinguished when the bumpers separated. The contact button itself was mounted on
a spring-loaded sliding arm that retracted and extended as the bumpers elastically
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Figure 8-2: Photograph of the fifth-wheel attached to the Mazda used for determining
approximate impact speeds.
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Figure 8-3: Photograph of the GPS software running on the laptop in the Mazda.
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deformed during the impact. The device was rigidly mounted on the left rear comer of the
Taurus and was able to be calibrated before each run. The device can be seen in figure 84 with the light off and uncompressed and in figure 8-5 with the contact switch engaged.
The spring coefficient of the retractable arm was calibrated such that the pushbutton to
illuminate the lightbulb closed first, then the arm would begin to move back as the
bumpers underwent elastic deformation during the collision.
A DeFelsko digital coating thickness gauge (SN A03418F) was used to measure
and record the different thicknesses of each of the materials that were applied to the
bumpers after they had been sanded back down to the plastic for each test. This was
necessary to ensure that each layer of material was within OEM specifications and is
discussed further in Chapter 2 of Part II of this work. Finally, a Canon EOS 300 digital
SLR camera was used to record all of the still images in this research.

1 84

Figure 8-4: Photograph of the contact light switch in the off position.
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Figure 8-5: Contact light switch activated and retracted.
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CHAPTER 9

Similar Research

There were approximately 275 research articles reviewed for this dissertation
relating to low speed rear impacts and whiplash injury. Of that number there appeared to
be two main categories of research. One category approached the investigation from the
perspective of the threshold of human tolerance to injury, and the other approached the
subject from the perspective of the crash itself. The first category was decidedly more
medical in nature, and the second was more engineering in nature. The first
aforementioned category of research articles dealing with the threshold of human
tolerance to injury is reviewed first, and then the second research category of actual car
impacts is expounded upon.
There is a third category, however, that does not quite fit into the aforementioned
categories because it deals primarily with vehicle damage as a result of car-to-car
impacts. This type of research is directly germane to the work performed in Part II of this
dissertation. In the search for papers on this subject there were very few articles found
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that investigated fascia damage at low speeds. Most of the articles dealing with impacts at
low speeds were concerned with investigating the effects of restitution after two vehicles
had collided, usually in a collinear front to rear impact. The research conducted is
relevant to the analytical methods used in this dissertation and may be relevant to one of
the primary purposes of this research, which is to establish a reliable correlation between
bumper surface and substrate damage, vehicle acceleration, and occupant acceleration.
They will also be used as a basis for illustrating the dearth of research that exists
regarding the correlation of vehicle bumper surface and substrate damage to vehicle and
occupant acceleration.
Many papers have been published concerning low-speed rear impacts since the
advent of crash testing in the 1960's. The vast majority of these were primarily concerned
with correlating delta-v to occupant acceleration and have already been covered earlier in
this dissertation. None were found that closely analyzed the bumper subsurface or paint
substrate. Although Severy et al performed seminal low speed rear impact testing in 1955
using live human subjects, it appears that significant vehicle to vehicle impact testing
using human subjects did not truly begin to occur until the early nineties. One possible
reason for this is the lack of reliable and attainable measuring equipment for use by the
majority of the researchers interested in this topic until that time.
The first article that was found that investigated bumper damage in low speed
impacts was by Szabo and Welcher in 1992 (252). They used 1981, 1982, and 1983
Escorts in vehicle-to-vehicle impacts and quantified the bumper displacements, vehicle
accelerations, and velocity time histories for each impact. These vehicles had energy
absorbing 5-mph bumper assemblies that also contained piston-type shock absorbers to
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dissipate energy from impact to prevent plastic deformation of the bumpers themselves.
They also noted that bumper 'underride' is a frequently encountered phenomenon in the
real-world, but that no published data was found that investigated this effect in low speed
collisions. This is significant, as vehicle underride increased as the impact velocities
increased in the testing performed in this dissertation.
The researchers conducted impacts at 2.12, 2.11, 4.39, 4.40, 6.75, and 6.75 mis
(4.7, 4.7, 9.8, 9.8, 15, and 15 mph) and a single underride impact at 4.34 mis (9.7 mph).
They found that increased bumper displacement occurred with increased impact velocity.
They quantified this displacement by measuring the stroke of the piston-type shock
absorbers after each impact. They also noted that at the 6.75 mis (15 mph) impact speed
the shock absorbers reached full compression and plastic deformation of the bumper
assembly ensued. The researchers also noted scuffing on the faces of the bumpers but
they did not quantify this damage. The calculated coefficients of restitution for the
impacts were between 0.1 and 0.2, which suggests that the displacement of the energy
absorbers of the energy absorbing bumpers functioned very well in using up energy that
would have otherwise been transferred into higher post-impact speeds for both vehicles.
For the underride test, the researchers observed that the duration of impact was
50% longer than the non-underride impacts. They also noted that the average
accelerometer-measured accelerations for the underride impact were similar to the
accelerations observed at half of the underride impact speed. They do not mention any
different damage to the bumper face, but they do note that the bullet vehicle sustained
major damage to the grille, the radiator support, the hood, the right and left headlamp
assemblies, the right side marker light, the right fender, the motor mounts, and required
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frame repair. The calculated coefficient of restitution was also O .19. This damage
indicates a much more severe collision than the term 'underride' suggests. It is apparent
that in a true underride collision that the bumper assemblies play little or no part in
contacting each other with significant force during the impact. The collisions that
occurred in the testing in this dissertation seem to exhibit some element of underride, but
nowhere near the extent of the testing by Szabo and Welcher.
In 1993 King et al (135) staged 136 vehicle-to-vehicle impacts using 21 different
vehicles. Two vehicles, a 1980 Toyota Corolla and a 1988 Toyota Corolla, had foam
reinforcements behind their bumpers. In the impacts using these vehicles the authors
noted higher coefficients of restitution on the order of 0.5 for delta-v levels above 1 mis,
and they also commented on the resistance to damage that both foam supports showed.
The impact speeds were undisclosed but were designed to yield delta-v's from 1 to 5 mis.
The authors did not attempt to quantify vehicle bumper damage, saying that there were at
most superficial scuffs or blemishes on the bumper surfaces of the vehicles after testing.
They did note that the Toyota Corolla foam support had sustained over 100 low speed
rear impact at impact velocities up to 3 .8 mis without showing evidence of a collision.
This only applies to the foam, however. The researchers also noted that the flexible
plastic bumper (not supported by foam) cover on a Chevrolet Cavalier showed increasing
damage with the number of impacts it underwent. They noted that visible wrinkles
became bulges as the frequency of impacts increased. They ignore any discussion of
quantifying this damage.
Also in 1993 Howard et al (119) conducted low speed vehicle-to-vehicle impacts
designed to quantify the coefficients of restitution at impact speeds ranging from 1.0 mph
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to 8.5 mph. The vehicles used in the testing were a 1986 Dodge 600, a 1984 Buick Regal,
a 1984 GMC half-ton (1500) pick-up truck, and a 1984 Ford full-size van. These are
interestingly, the same vehicles used in McConnell et al's 1993 testing discussed earlier
in this dissertation. These vehicles were all equipped with 5-mph rigid bumper
assemblies. The authors found that the coefficient of restitution was approximately 0.25
for impact speeds between 2.5 and 5.0 mph, which is consistent with the Ford Escort
testing by Szabo and Welcher in 1992. This low COR illustrates the different dynamic
behavior of foam-supported bumpers as compared to the rigid energy-absorbing bumpers
that comply with NHTSA's 5-mph standard.
Returning to McConnell et al's testing that was mentioned earlier in Chapter 5 for
a moment, it must be acknowledged that the construction of the vehicles used in their
work reflected late seventies and early eighties automotive design, and all of the vehicles
were equipped with energy absorbing 5 mph bumper assemblies. This is in marked
contrast to the vehicles used in the proposed testing in this dissertation, which are two
mid-nineties vehicles that have painted flexible fascias and foam supports. This
difference in bumper design is by itself enough to justify the need for new research, as
the impacting characteristics of the energy absorbing bumper assembly are markedly
different than that of a foam-backed flexible plastic bumper assembly. The flexible
plastic bumpers are designed to comply with 2.5 mph federal impact tests and do not
have the structural rigidity of the energy absorbing 5 mph bumpers. The flexible plastic
bumpers are also painted body color with an elastomeric clearcoat laid over a pigmented
topcoat, as opposed to the rigid 5-mph bumpers, which on the vehicles used by
McConnell et al are either chromium plated steel or black plastic with steel supports and
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piston-type shock absorbers. The discussion of bumper differences is presented in
Chapter 1 of Part II in appropriate detail.
The most significant difference between the testing conducted by McConnell et al
and that proposed in this research, however, is the fundamental design of the experiment
and the variables which each respective researcher is interested in investigating.
McConnell et al was concerned with imparting a particular delta-v to the struck vehicle
and then observing the resulting kinematic response of the human occupant and
measuring the acceleration of the occupant at the occupant's head and thoracic region.
The resulting delta-v figures for the struck vehicle were around 2.5 mph for the lower
impact speed testing and around 4.3 mph for the higher impact speed testing.
In 1 994, Szabo and Welcher performed testing that was very similar to McConnell
et al's with the exception that the impact speeds in their testing were disclosed (250). All
of their testing was conducted at an impact speed of 1 0 mph ( 1 6 km/h) which is higher
than that used by McConnell et al and produced accompanying head accelerations of
between 1 0g and 1 2g. The vehicles used in this testing were 1 98 1 and 1 982 Ford Escorts
which again were equipped with energy absorbing 5-mph bumper assemblies. Damage to
the bumpers was not quantified during the testing.
In 200 1 Szabo and Welcher presented another paper (27 4) that investigated
occupant kinematics at incremental increases in delta-v. A single 50th percentile female
undisclosed age was the sole test subject. She was subjected to five impact tests which
resulted in delta-v levels of 1 .0 mph, 2. 1 mph, 3 . 1 mph, 4. 1 mph, and 5 . 1 mph,
respectively. The target vehicle she was occupying was a 1 987 Plymouth Voyager
minivan and the bullet vehicle was a 1 99 1 Ford Explorer which weighed 873 lbs more
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than the minivan. The authors state that in preliminary crash tests there was visible
bumper system deformation at delta-v levels of 3 mph, so as a precaution against
damaging the bumpers further the authors reinforced the front bumper of the bullet
vehicle and the rear bumper of the target vehicle. They did not elaborate on the
reinforcement modifications. The authors also attached pieces of foam to the bumper
faces of the reinforced bumpers so that a foam-to-foam bumper contact interface would
produce an acceleration pulse that was "representative" (sic) of low speed impacts
between vehicles possessing energy absorbing bumpers.
The authors' actions of modifying the existing energy-absorbing bumpers of the
vehicles' bumpers in order to create an acceleration pulse similar to those observed in
car-to-car impacts between vehicles equipped with foam-supported bumpers are tenuous.
The bumper systems of vehicles that do use foam supports nearly all utilize a flexible
plastic bumper cover, or fascia, that takes advantage of the moldable properties of plastic
to create shapes that are integrated with the overall aesthetic design of the vehicle. While
they are still uniform at a height between 16" and 20" above the ground in compliance
with the NHTSA 581 bumper standard, the advantage to the foam support is the use of
the flexible plastic bumper cover that allows engineers and designers more freedom in
shaping the other areas of the bumper to create a more appealing exterior design. Leaving
the bumpers unaltered would result in an actual car-to-car impact between vehicles using
unmodified energy-absorbing bumpers. If a contact pulse is desired that is representative
of cars with foam bumpers, then cars with foam supported bumpers should used in the
testing, as it is in this dissertation. They cite ten references (five of which refer to
previous research by the same authors) after this statement which are presumably used to
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justify their actions. The authors claim that the occupant motion doesn't begin until after
the acceleration impulse is completed, but in 2002 they produced a paper that
acknowledged that the bullet vehicle acceleration impulse could affect the acceleration of
the occupant (249).
An understandable motive for protecting the bumpers is to prevent any damage
from occurring to the bumpers themselves during the testing, as damage to the energy
absorbing nature of the bumper assembly would in fact alter the acceleration pulse of
subsequent tests with the same bumper. The larger issue is that this modification could
possibly alter the results of the testing. Unless the actual bumpers are used in the testing,
the results are questionable. The nature of the energy absorbing characteristics of the
bumper must be taken into account in occupant crash testing to truly quantify the
accelerations of the occupant during the impact.
The criticisms of the works cited do not necessarily invalidate their research. In
spite of these issues the work in this paper does establish that delta-v is a good metric
with which to correlate resultant occupant accelerations and displacements, and it
supports the methodology used in this dissertation to use delta-v levels that are correlated
to impact speeds to in tum correlate those impacts speeds with resultant occupant
accelerations. This is concisely illustrated in a figure presented by Siegmund et al in their
1997 paper which tabulated the delta-v levels and occupant acceleration and
displacement parameters from several different tests (235). The figure is reproduced here
in figure 9-1.
In that testing, Siegmund et al reported some metrics similar to those in this
testing. In a number of low speed impacts between 1981 Volvo 240 DL station wagon
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Figure 9- 1: Table of occupant acceleration parameters and the delta-v levels associated
with them. Image taken from Siegmund et al's 1997 SAE paper.
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and a 1990 Honda Accord LX sedan the authors measured a 0.59 C.O.R. when the Volvo
hit the Honda at 3 mph, and a C.O.R. of 0.56 when the impact speed was raised to 6.2
mph. The collision duration was measured at about 138 ms for the 3 mph impact and 135
ms for the 6.2 mph impact.
Another problem encountered in the research performed to date is that all research
investigations found during the literature search for this dissertation into low-speed rear
impacts also have not replicated their testing to an acceptable degree of statistical
certainty. As stated previously, no work was found that detailed paint damage at all, or
tried to correlate surface or substrate damage to occupant acceleration. This is important
to quantify because of the difficulty in associating the delta-v of a vehicle involved in a
low-speed rear-end collision. Floorpan deformation and impact absorber deflection are
important metrics of the energy a vehicle absorbs in a collision, but what of the cases
where these are not significantly deformed and yet there is still an issue of whiplash
injury? Thresholds of injury were discussed in detail in another part of this dissertation,
but the delta-v threshold for neck injury has been established to be approximately 9 mph,
and this level of impact may not sufficiently plastically deform parts of the vehicle,
depending on the vehicle's construction, as Otte et al discovered in their 1997 paper
(199). For conventional passenger cars with painted flexible foam-supported bumpers,
however, testing conducted in this dissertation has established that such an impact is
definitely quantifiable. The bumpers of most vehicles on the road are elastic in nature and
contribute to the higher coefficients of restitution observed in low-speed rear impacts. All
of the papers reviewed ignored the condition of the paint on the bumper and did not
consider gathering information from the paint or substrate of the bumper surface itself.
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The establishment of the different levels of bumper damage for painted flexible foam
supported bumpers correlated to impact speed is viable and has been done in this work.
Malmsbury and Eubanks in 1994 (157) conducted twenty vehicle-to-vehicle
impacts with 1981 to 1985 Ford Escorts at speeds ranging from 0.77 mis to 8.76 mis (1.7
to 19.6 mph) in an attempt to quantify bumper isolator stroke just as Szabo and Welcher
had done in 1992 and King et al had done in 1993. In the 8.76 mis impact the authors
noted that underride had occurred and that this had resulted in the post collision speed of
the bullet vehicle being higher than that of the target vehicle. They did conclude that
there was a correlation between delta-v and shock absorber isolator compression. They
also found that the COR decreased as impact speeds increased. Their general results were
consistent with those of similar research.
Siegmund et al published research in 1994 (233) that examined compression stroke
displacement on seven different types of vehicles that were all equipped with piston-type
energy shock absorbers. This paper is actually a continuation of the earlier work noted
under King et al in 1 993 of which Siegmund was a member. There were 660 vehicle-to
vehicle impacts mentioned in the 1994 paper. The authors concluded that bumper isolator
stroke was linearly correlated with delta-v but only without 'bottoming out' of the
isolator piston in its tube. They noted that coefficient of restitution decreased as the
piston stroke increased until the piston bottomed out at which point the COR slightly
increased. Again, no painted flexible plastic foam-supported bumpers were used in the
testing and no attempt was made to quantify bumper surface or paint damage.
In 1995 Bailey et al (14) published a paper using data from over 1000 vehicle-to
barrier and vehicle-to-vehicle impacts. This data contains the impact tests published
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under King in 1993 and Siegmund in 1 994, as all of these parties were affiliated with
Macinnis Engineering Associates. The objective of this paper was to correlate bumper
isolator damage from vehicle-to-barrier impacts with delta-v and impact severity.
Otte and Blauth in 1997 (199) analyzed the AIS 1 soft-tissue neck injuries of 1 17
people in Germany who had been involved in real-world rear impacts in which the
reconstruction determined that the delta-v of the struck vehicle was 10 kmh or less. The
authors remarked that 40% of the cars in the study only had minimum (sic) deformation
depths of up to 2 cm and seemed surprised that damage was not more extensive. The
authors did not disclose the different types of vehicles that were involved in the
collisions, and European bumper regulations are different from US standards. The
authors did conclude that long-term neck pain symptoms were found to exist in
individuals who had experienced rear impact delta-v levels of less than 10 kph (6.2 mph).
In 1997 the researchers at Macinnis Engineering published another article under
King et al (132) that investigated bumper characteristics of a 1978 Chevrolet Chevette, a
1989 Chevrolet Sprint, a 1985 Mercury Topaz, and a 1985 Chrysler LeBaron sedan. The
objective of the article was to validate the use of two specially constructed moving
barriers to be used in low speed impacts. All of the vehicles were equipped with rigid 5mph energy absorbing bumper assemblies and bumper surface damage was not
quantified.
In 1998 King et al (133) published research that used 73 vehicle-to-vehicle
collisions to compare the relative accuracy of four different methods of data collection:
electronic 5th wheels, high-speed video, bumper-mounted load cells, and accelerometers.
The vehicles used in the testing, a 1983 Volvo 240DL station wagon as the bullet vehicle
198

and a 1990 Honda Accord LX sedan as the target vehicle, were the same ones used in
Siegmund's 1997 research mentioned earlier in this dissertation. Gravity acceleration was
used on the bullet vehicle, both vehicles were in neutral, and the target vehicle was not
braked after impact. Undisclosed impact speeds were chosen to result in 2.5 mph and 5
mph delta-v levels. The ultimate conclusion of the researchers was that there was no
difference between the four methods at a resolution of 0. 1 mis.
In 1998 Anderson, Szabo, Welcher, Eubanks, and Rusty Haight (9) published
research that investigated the effect of target vehicle braking in low speed rear impacts.
Six conditions were evaluated:

1.

unaware occupant without braking

2.

aware occupant with braking

3.

unaware occupant braking normally

4.

aware occupant fully braking

5.

unaware occupant with brakes remotely applied fully

6.

aware occupant with brakes remotely applied fully

The same occupant and vehicle was used for all impacts, and the impact speeds
were 2.5 mph, 5 mph, and 8 mph. The bullet vehicle was a 1996 Pontiac Bonneville and
the target vehicle was a 1990 Dodge Shadow. The Shadow was chosen because its
bumper system had been proven to withstand 5 mph barrier impacts without damage. It is
suspected that the Pontiac front bumper assembly is the same type of painted flexible
foam-supported bumper as the ones in this dissertation, but no attempt was made to
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quantify the damage. It was noted that the bumper cover sustained noticeable cosmetic
damage at delta-v levels of 3.5 mph to 4 mph, which is approximately where paint
damage area became prominent in the testing performed in this dissertation. They also
noted that the damage to the Pontiac's bumper cover increased as the brakes on the
Dodge were applied. The researchers also noted that in the higher speed impacts the
Pontiac bumper began to underride the Dodge bumper, although they attributed this to
cases in which the brakes of the Dodge were being applied. This is another example of
underriding occurring in a low speed rear impact.
The authors concluded that there was a minimal difference of approximately O .12
mph in delta-v levels of the struck car for tests in which brakes were not applied and tests
in which the brakes were normally applied, as in the case of sitting at a stop light. They
reported that there was insufficient brake force to affect the kinematics of either vehicle
and that in many cases the occupant's foot was jarred away from the brake pedal during
the impact. In the tests where the target vehicle's brakes were fully applied the target
vehicle experienced a decrease of about 0.74 mph and increased the delta-v of the bullet
vehicle by approximately 0.43 mph as compared to test with no braking by the target
vehicle. In the cases where the occupant was fully braking it was found that the target
vehicle delta-v levels were only 38% to 60% as effective as remotely applying the brakes
fully. This was attributed to the jarring of the impact by the target vehicle test subjects,
who in some cases reported that their foot had come off of the brake pedal during the
impact. It was also found that target vehicle braking did not increase forces on the neck
during flexion of the cervical spine, as had been hypothesized by other researchers.
Awareness of the impact did reduce head kinematics and was subjectively described as
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being less severe than those at similar speeds in which the subject was unaware of the
impending collision.
In 1998 Antonetti (11) collected published coefficient of restitution data and
mathematically analyzed it with respect to closing velocity (impact speed) and target
vehicle delta-v. He found that restitution data correlated reasonably well with closing
velocity and almost as well with target vehicle delta-v. This supports the premise in the
work in this dissertation that if bumper damage can be quantified and correlated to impact
speed and a reasonable COR is obtained then a reasonable estimate of the target vehicle
delta-v can indeed be made. The result of his paper was the establishment of coefficients
for a 3rd order equation that plotted COR against closing velocity and target vehicle delta
v with good results for vehicle-to-vehicle impacts but not for vehicle-to-barrier impacts.
In 2001 the researchers at Macinnis Engineering published more research under
Heinrichs et al (109) that conducted low speed impact testing of pick-up truck bumpers.
The objective of the study was to validate the results of vehicle-to-barrier testing by
comparing it to vehicle-to-vehicle testing. The bumper assemblies of all the trucks were
rigid bumper systems with steel beams directly attached to the vehicle frames and did not
contain any energy absorbing devices. COR values for 5 mph delta-v impacts were on the
order of 0.42 to 0.48.
Cipriani et al in 2002 (56) published one of only two articles found that involved
quantifying bumper damage on two vehicles equipped with foam-supported bumpers. An
important difference however is that the vehicles, a 1986 Honda Accord and a 1988
Mazda 929, still did not have painted flexible bumper covers, and the bumper assemblies
were all NHTSA standard 5-mph bumpers. Thirteen impacts between foam-supported
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bumper vehicles were conducted at impact speeds ranging from 0.8 mis to 5.2 mis ( 1.8 to
1 1 .6 mph). In the impact of the Honda in to the Mazda at 0.8 mis the license plate bolts of
the Honda left minor blemishes on the bumper of the Mazda. The researchers report no
further damage occurring to the Mazda bumper cover until the 4. 1 mis (9.2 mph) impact,
when more pronounced scuffing was observed on the unpainted black rubber bump strip.
They also note that more pronounced scuffing is evident on the Honda bumper, but there
is still no plastic deformation to either vehicle.
At 4.6 mis (10.3 mph) the researchers report the Mazda's bumper cover became
detached at the right rear wheel well and the bumper rotated downwards slightly. This is
shown in figure 9-2.
In the same 4.6 mis impact the Honda's front bumper showed permanent crush
damage by being pushed back slightly. The sides of the bumper cover that functioned as
the forward edge of the front wheel well housings had rotated down about two inches, as
seen in figure 9-3.
One further test of the Honda impacting the Mazda was conducted at 5.0 mis ( 1 1.2
mph). No additional damage was noted on the Mazda bumper, but the Honda sustained
increased damage. An image of the Honda after this 5.0 mis impact is provided below in
figure 9-4.
A very interesting and critical point is observed in analyzing the increased damage
to the Honda. The rotation of the bumper cover indicates a clockwise moment being
applied to the Honda bumper face, which suggests that the net force is acting above the
mounting centerlines of the Honda bumper support attachment points. Also, although it is
difficult to clearly see, the front edge of the hood appears to have been damaged by direct
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Photo 9. 4.6 mis. Rear of Mazda
Bumper cover detached at right rear
wheel well and bumper rotated
downward slightly.

Figure 9-2: Mazda 929 bumper damage after 4.6 mis impact. Image taken from Cipriani
et al's 2002 paper.

Photo 1 0. 4.6 mis. Front of Honda.
Permanent crush damage to left front
comer of bumper.

Figure 9-3: Honda bumper damage after 4.6 mis impact. Image taken from Cipriani et
al's 2002 paper.
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Photo 12. 5.0 mis. Front of Honda
More severe damage, including buckling
of engine compartment hood.
Figure 9-4: Honda front-end after impacting the Mazda at 5.0 mis. Note the rotation of
the bumper (rotation around the Y-axis as in SAE Standard J2 1 1) which indicates a
clockwise moment being applied to the bumper supports, and the sheet metal damage to
the hood that appears to be contact damage, not induced damage.
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contact with part of the Mazda, and is not the result of the radiator support buckling
inward and forcing the front edge of the hood upward by the attachment point of the hood
latch. The authors do not comment on the vertical alignment of the bumper faces in the
article but the aforementioned blemishes from the Honda's license plate bolts on the
Mazda' bumper cover indicate that the two bumper faces were meeting each other nearly
directly face-on in the slower impact speed tests.
The significance of the observation above suggests if the front edge of the Honda's
hood was indeed the result of contact damage, then some part of the Mazda's bumper
must have been the contacting surface. The only way for any part of the Mazda to contact
that part of the Honda is if the Honda bumper underrode the Mazda's bumper. It is
assumed that the researchers would have made a mention of this occurrence if they hade
recognized it, but the impacts were not recorded on any kind of video device. The
duration of a low speed impact is on the order of 150 ms, which is too fast for the human
eye to register, and it is very likely that the researchers did not even know this had
happened without being able to review it in slow motion.
If this is the case, then this event lends even more support to the theory that
underride is a more common event than previously thought, and occurs increasingly as
the impact speeds also increase.
The authors conclude the paper by confirming the conclusion of Antonetti' s earlier
work that showed a good correlation between the COR and impact velocity and target
vehicle delta-v. Antonetti actually participated in some of the analysis of the data
gathered by Cipriani, and they present a modified Momentum-Energy-Restitution (MER)
equation that slightly improved on Antonetti's original equation at speeds below 2.8 mph.
205

The problem with this approach is that the MER methodology requires an accurate
estimate of energy absorbed by both vehicles during the impact, and given the differences
in bumper design this has proven too difficult to quantify with enough accuracy to permit
reasonably accurate determinations of low impact speeds with flexible plastic foam
supported bumpers.
The only other article found besides Cipriani's work that involved impact testing
of vehicles with foam-supported bumpers was published by Happer et al in 2003 (106).
The focus of the paper was to provide a methodology for quantifying the severity of low
speed impacts that resulted in little or no vehicle damage. The paper acknowledges the
need for being able to establish impact severity for applications in insurance and law
venues. The paper also cited the lack of impact test data available for foam-supported
bumpers. The authors present an iterative method of using MER theory, estimated
absorbed energy, vehicle mass, an estimated COR, and Cipriani's model to compute a
reasonably accurate determination of closing velocity between the vehicles. The authors
faced the problem of verifying their methodology because there was no published data on
vehicle-to-barrier impacts using foam-supported flexible bumpers, so they conducted
their own vehicle-to-barrier tests to establish the required data and then conducted
vehicle-to-vehicle impacts to verify their methodology. The vehicles used in the testing
were a 1998 Honda Accord LX sedan, a 1998 Buick Park Avenue, a 1999 Hyundai
Sonata, a 2000 Pontiac Sunfire, and a 1999 Chevrolet Blazer. Every vehicle except the
Blazer had painted flexible foam-supported bumper assemblies similar to the vehicles
used in this testing. The authors stressed the need to quantify the damage to the bumper
fascias during the impact testing, but their analysis was restricted to gross observations of
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bumper displacement and panel gaps to adjacent bodywork. There was no attempt to
quantify the surface damage that occurred during the impacts beyond noting obvious
scuffing. The results were impressive, as 32 of the 40 actual delta-v quantities from the
actual impacts fell between the predicted delta-v quantities. Of the eight that did not,
three of these were attributed to the bullet vehicle underriding the target vehicle. The
others all arose from impacts using a Chevrolet Blazer with rigid steel non-energy
absorbing bumpers and were attributed to the difference in bumper characteristics
between that vehicle and the flexible foam-supported bumpers of the vehicle it was
striking or being struck by.
The methodology in the paper was very impressive, but it still left open the
problem of application to impacts between vehicles that don't have published vehicle-to
barrier data available. The methodology also required five estimates to be made
reasonably accurately in order to achieve convergence in the iterative sequence:

1. damage assessment

2. damage comparison

3 . estimate of absorbed energy
4. estimate of COR

5. estimate of closing velocity
At each step in the process the authors reassert the need for accurate subjective
estimates to be made, as well as an accurate initial estimate for the COR. They lament
the availability of impact data for foam-supported bumpers in low speed collisions, but
this is yet another justification for the work performed in this dissertation. In addition to
207

providing a methodology to determine impact metrics based on surface damage, the data
obtained in the impacts in this research, once published, will contribute to part of the
database of COR, closing velocity, delta-v, and overall subjective damage assessment for
vehicles with foam-supported bumper assemblies.

208

PART II
VEHICLE TO VEHICLE IMPACT TESTING
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CHAPTER l

Automotive Bumpers

In 1971 the National Highway Traffic Safety Administration (NHTSA) issued
Federal Motor Vehicle Safety Standard (FMVSS) 215 titled ' Exterior Protection' (176).
It became effective for model year 1973 and later vehicles sold new in the United States
and required that the exteriors of vehicles were to sustain no damage to safety-related
components in 5 mph frontal impacts into a rigid barrier and in 2.5 mph rear impacts into
a rigid barrier. In 1972 Congress enacted the ' Motor Vehicle Information and Cost
Savings Act' (MVICS Act) which mandated that NHTSA formulate and issue a bumper
standard that would force automobile manufacturers to make bumper assemblies more
resistant to damage and less expensive to fix in addition to taking health and safety issues
into consideration. This congressional legislature was consolidated with FMVSS 215 and
added to 49 Code of Federal Regulations Part 581 in March of 1976. In 1978 NHTSA
initiated the phase-in of new bumper standards for new automobiles sold in the United
States. The first phase of the new standard incorporated FMVSS 215 safety criteria to be
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met by all 1979 model year vehicles (1 76). This first phase required that for a front and
rear impact of 5 mph into a barrier, and a front and rear impact of a 5 mph pendulum, and
an impact of a 3 mph pendulum into a corner of the vehicle, that there would not be any
damage to safety-related parts and exterior surfaces outside of the bumper system of the
vehicle. Damage was allowed to the bumper facebar and the facebar fasteners for these
impacts.
The second phase became effective for all 1980, 1981, and 1982 model year
vehicles, and required higher standards than the first phase. These higher standards
modified the phase one standards by removing the permissibility of unspecified damage
to the facebar and fasteners and replacing it with no damage to the bumper itself beyond a
3/8" dent and ¾" displacement or set from its original position.
At the time, these events set off a flurry of controversy and resentment among car
enthusiasts and car designers. One look at the effects these standards had on the aesthetic
appearance of automobiles is summed up in figure 1-1.
NHTSA evaluated the effect of the new standard in 1981 by comparing the
overall costs of MY 1979 and later vehicles with vehicles manufactured prior to MY
1 973 that weren't covered by any bumper standards. They found that there was a net
increase in cost to the consumer of between $150 and $200 (in 1981 dollars) for the
regulated bumper vehicles over a ten year service life of the vehicle. Based on the results
of this evaluation the bumper standards were amended. The previous 5 mph impact
speeds for the barrier and pendulum tests were dropped to 2.5 mph, and the 3 mph impact
speed of the pendulum on the corners of the vehicle was reduced to 1.5 mph. The phase II
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Figure 1-1: Lamborghini Countach equipped with 5-mph bumper. Image from
www .countach.cc.com.
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damage criteria was also replaced with phase I damage criteria, and a bumper height
requirement range of 16" to 20" was effected for passenger cars only. In 1987 NHTSA
evaluated the standards once again and found that costs to consumers did not change as a
result of the drop in impact speed, the net increase in costs over the vehicle's life was
offset by the reduced cost of the bumpers, and that it did not compromise safety-related
parts of the vehicle. NHTSA concluded that the public is assured of the largest net
benefits under the current standard.
Three major types of bumper assemblies have since come into use on passenger
vehicles that conform with NHTSA standards. They are the rigid bumper, the energy
absorbing bumper, and the flexible plastic foam supported bumper, also called a foam
core bumper. Rigid bumpers are usually made of metal and are rigidly attached to the
vehicle's frame, such as that found on pick-up trucks or Jeeps. The energy absorbing
bumpers have some type of piston or shock filled with compressed gas, or a mechanical
spring, that uses the energy involved in an impact to compress the gas or spring and
thereby safely transform some of the impact energy into elastic and plastic deformation.
The third type of bumper, the flexible plastic foam supported assembly, is designed to
absorb impact mainly by elastic deformation and then release that energy through re
expansion of the compressed foam and plastic after impact. These types of bumpers allow
complex bumper shapes to be incorporated into the overall design element of vehicles,
they are cheaper to produce, and they have been shown to withstand literally hundreds of
repeated impacts of up to 8.5 mph without significant, if any, structural damage (135).
Flexible plastic foam supported bumper designs for vehicles have varied widely
in accordance with the NHTSA standards. For vehicle models since 1982, however,
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designers have had more freedom in affecting the appearance of the bumpers and the car
overall through the use of flexible injection-molded plastic which can be formed into
compound shapes not easily made from metal. The evolution that has occurred has
brought about vehicles that seemingly don't have any delineated bumper structure at all,
such as that seen in figure 1-2. No research as of yet, however, has attempted to quantify
the paint damage that occurs on these types of bumpers, which are usually painted to
match the surrounding bodywork of the vehicle.
The vehicles used in this research are equipped with painted flexible plastic foam
supported bumper assemblies. As noted in Chapter 9 of Part I of this dissertation,
vehicles equipped with these types of bumper systems have not been adequately
represented in the voluminous low speed impact research that has been published even
though they now represent the design and construction of the majority of passenger cars
in use today, especially in the United States. The bullet vehicle is a 1995 Mazda 929
sedan and the target vehicle is a 1998 Ford Taurus. The Taurus was chosen because of
the prevalence of that particular vehicle in use today while the Mazda was chosen for its
wide, upright, relatively flat bumper face that lined up well in the vertical axis with the
Taurus bumper. The availability of a bullet car equipped with a flexible foam-supported
bumper was also somewhat of an issue.
The type of plastic that flexible bumpers are made from varies. The BASF
technical manual alone lists more than 15 different types of flexible plastics used in
automobiles today. The Taurus bumper cover is made from TEO, while the foam support
is made of PP (polypropylene). The Mazda bumper cover is made from PTET, while its
foam support is unmarked. Published research has shown that the viscoelastic properties
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Figure 1-2: 1992 Corvette illustrating no obvious exterior bumper. The trophy is for the
paint. Vehicle painted by the author.
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of flexible bumpers do not absorb significant amounts of energy ( 106) and that the
mechanical impact properties of flexible bumpers do not significantly differ between
currently used materials.
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CHAPTER 2

Automotive Paint

Automotive paint is fascinating. To a layperson, exterior color is often the most
important parameter in choosing a new vehicle, yet paint technology is likely one of the
least-understood aspects of the vehicle in general. The appeal of beautiful paint is
undeniable, and chemical advances by all of the major paint companies have made it
possible to incorporate metallic flakes, ground-up pearl, mica, and other additives into
colorcoats and clearcoats that possess dynamic visual properties and even change color
based on the angle of incidence of the viewer's eye.
The very term 'paint' is defined by Webster's New College Dictionary as a
mixture of a pigment and suitable liquid to form a closely adherent coating when spread
on a surface in a thin coat. The Badische Aniline Sodasche Fabrik (BASF) technical
manual goes a bit further and defines paint as "finishing materials with varying properties
and uses" (24).
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All current automotive paints delivered from any manufacturer are composed of
three basic parts. The first is the pigment, which is the part of the paint that reflects and
absorbs certain parts of the visual spectrum of light to produce a certain color. In
automotive paint, this pigment is usually a finely divided insoluble material that
resembles flour or talcum powder before being added to the other two components. In
addition to providing the visual color, other properties of the pigments are designed to
impart durability, corrosion protection, and hiding properties. Ground aluminum and
mica are common components of pigments. Primer coats underneath the visual top color
coats use special pigments that are designed to make the material thicker to better fill in
sand scratches and offer better sanding qualities.
The second basic part of paint is called the 'binder' or ' fixed-vehicle'. The binder
is a thick, colorless fluid that holds the pigment in liquid form and allows it to adhere
evenly to a given surface. The binder is the component that contains the particular
'drying' or 'curing' process of the paint mixture. Prior to the introduction of alkyd
enamel paint in the 1930's, binders were varnishes and lacquers that were made from
naturally occurring resins. In modem paint the binder is usually synthesized from other
chemicals, and it can be produced with polymer chains that cross-link to increase
durability. This cross-linking is usually initiated with the addition of an activator or
hardener prior to the application of the product. In urethane-based paints this hardener is
composed mainly of isocyanates, which is a particularly toxic chemical group (161).
Other additives, such as catalysts and elastomeric plasticizers, can also be added to the
binder to create a paint material that has certain desirable properties when dry, such as the
ability to flex and bend without losing adhesion to the surface it was applied to.
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The third component of paint is the 'solvent'. This is usually clear, thin viscosity
liquid that has the certain chemical properties which make it compatible with and
dissolve the binder. The solvent reduces the viscosity of the binder/pigment mixture and
enable the mixture to be easily applied to the desired surface. The solvent is typically
volatile and will evaporate quickly when exposed to open air. After applying the mixture
of paint to the surface, the solvent evaporates completely, leaving the binder and pigment
to form the remaining hardened film. Solvents and binders are usually specifically
designed to work together as systems, and each paint manufacturer has its own unique
solvent/binder system. Specific solvent/binder systems are also unique to individual
product lines within a manufacturer. Typically, each manufacturer offers several different
product lines that are tiered with respect to price and quality. The solvent/binder system
usually determines the durability and quality of the end product, and the different lines
within the manufacturer's offerings are priced accordingly. One problem that can arise
from this approach is the temptation by aftermarket shops to attempt to use the lowest
cost solvent throughout a particular brand of paint, which in tum leads to incorrect paint
mixtures and premature failure in use.
In addition to the three components mentioned above that are common to all
automotive paint, each individual manufacturer will also typically have specific additives
that are used to 'tweak' the final paint mixture for a particular purpose. Some examples
of this are additives designed to decrease curing times in colder weather, others to
increase gloss, and others to reduce the likelihood of certain types of imperfections such
as 'fisheyes'.
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BASF is one of the largest manufacturers of OEM and aftermarket automotive
paint products in the world and its paint has been used by almost every major automotive
manufacturer in the world as well. BASF alone currently holds 42% of the worldwide
OEM paint market, including Europe and Asia (6). BASF, along with DuPont and PPG,
have the majority share of OEM automotive paint business. Interestingly, though, there is
no guarantee which paint manufacturer supplied the paint for a certain automobile
because of the bidding process used to secure OEM paint contracts. There are exceptions
to this, as DuPont currently holds an exclusive contract to supply the paint for the current
Chevrolet Corvette and PPG holds an exclusive contract to supply pain for current
production Ferrari automobiles, but it was learned from credible industry sources during
attendance at the BASF technical school that the process that is used to select paint bids
for the majority of OEM automobiles is designed to obtain the lowest-cost bid every year.
The automobile manufacturer, for example Ford, will specify that the desired color must
be within a pre-determined tolerance of red, green, and blue. The bidders each develop
their own mix, and send it to Ford for analysis. Ford picks the lowest cost bid that falls
within the tolerances that were established for that color. Each year the bidding process
begins again, which may result in the same color paint for the same particular vehicle
being supplied by a different manufacturer from the previous year. This in tum results in
subtle variances in face color and pitch between the same vehicles with the same color
for different model years, and is the primary reason that blending adjacent panels must be
performed on aftermarket paint work in order to guarantee a successful match in color.
The earliest OEM paint coatings applied to mass-produced automobiles were
India enamels in the 1900's. India enamels were basically pigmented varnish applied
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with paintbrushes and had been used previously on stagecoaches and horse-drawn
carriages. They faded from use in the mid 1920's when nitrocellulose lacquers and
enamels were introduced. The volatility of the nitrocellulose allowed the lacquer to dry
quicker. Polymer additives known as plasticizers and non-drying alkyd resins were also
used to increase the durability and surface gloss of the final finish. This type of paint is
also the first that was capable of being finely atomized and sprayed onto a surface. In the
1930's, alkyd enamels replaced nitrocellulose lacquers. This type of paint used synthetic
binders and alkyd resins that allowed twice the film build of earlier paints, and paint
manufacturers began incorporating metallic flakes for unique visual effects. These were
subsequently rendered obsolete by the development of acrylic polymer and the
introduction of acrylic lacquer paint in the 1950's. Acrylic material was manufactured
from synthetic polymers and utilized some polymer chain cross-linking between alkyds
and resins for increased durability. In the 1960's acrylic was combined with newly
developed synthetic enamels to create acrylic enamel, which required heat and the
absorption of oxygen to fully harden the film that remained after the solvents had
evaporated.
Demands for paint to dry quicker and be harder and tougher resulted in the
development of urethane and polyurethane paint products in the 1970's. Chemical
catalysts (hardeners) were introduced that resulted in heavier, more rapid cross-linking.
The absorption of oxygen was still required for complete curing. Pearls were also
introduced at this time that added soft shimmering effects to the color.
Up to this point the application of material onto a bare surface consisted of a
primer coat, a sealer coat, and then the top colorcoat, which dried to a gloss and was the
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exterior shell of the vehicle. This type of paint system is known as 'single-stage' because
it was single product that functioned to provide color and exterior gloss. In the 1 980's,
however, the basecoat/clearcoat system was introduced which separated the color coat
and the glossy, protective surface coat into two different products. This type of paint is
known as 'two-stage' because the color coat (basecoat) is sprayed onto the surface and
allowed to ' flash' and then the clearcoat is sprayed on top of the basecoat. This system
offers several advantages over previous types of paint, such as greater pigment
concentration in the color coats for better hiding, better protection of the pigments in the
color coat from UV radiation breakdown, more vibrant color and visual effects, and
drastically increased gloss and durability. It also permits much easier blending and much
easier repair of the paint in the event of damage. The ability to separate the top gloss coat
form the pigmented coat has allowed the development of 'tri-coat' or three-stage systems
in which a solid base color is laid down, an opaque tinted coat with metallic, pearl, and
mica (but little or no solid color) is sprayed on top of the base color, and then a tinted
clearcoat is sprayed on top of those layers. The end result is a stunning visual effect that
provided a sense of depth and movement to the paint. Perhaps the most recognized
application of this type is the 'diamond white' color on Cadillac and Nissan automobiles.
It should be noted that this type of 'tri-coat' system does not share the advantage of being
easy to match or repair due to the differences in shade, pitch, thickness, and hue of the
mid-coats. In this case, a painter must paint several sample panels with varying
thicknesses of mid-coat and then match the number of mid-coats to the rest of the vehicle
being painted. This is not easy, nor is it inexpensive.
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The majority of OEM paint systems found on automobiles today are two-stage
basecoat/clearcoat finishes. Within this category of base/clear finishes, however, a few
differences exist, and in some cases it is these differences that separate OEM paint from
aftermarket paint. These differences are important to explain because of the direct
relevance to the paint methodology used in this dissertation.
The primary reason for differences in some, not all, of OEM paint and aftermarket
paint is the requirement made by OEM automobile manufacturers that the paint material
must be capable of being fully cured very, very quickly. This is due to the nature of mass
production, which requires that a body-in-white going into the paint booth will leave the
paint booth and immediately be touched and handled by machinery and workers. In the
case of some of the highest-volume manufactured vehicles in the world such as the Ford
Taurus built in Atlanta, Georgia, a finished vehicle rolls off the assembly line every few
minutes. In addition to the single-minute cure times the OEM manufacturers also require
that the paint be capable of being sprayed electrostatically. This is to reduce the amount
of paint material (overspray) that et?-ds up in the air instead of on the intended surface.
At this point it should be noted that OEM manufacturers are very guarded about
the methodology they use to paint their vehicles. Numerous telephone calls and email
messages were made to Ford, General Motors, and BASF, with a response coming only
from BASF. The response was a single email and telephone call. In the first email a very
nice customer representative named Maryam said that I would be contacted by one of
their chemists who would be happy to help me. Two weeks later Maryam called back and
very apologetically explained that non-disclosure agreements prevented them from
discussing the details of OEM paint contracts. At this point the author enrolled in a week225

long BASF technical class that was required for OEM paint warranty certification at
regional BASF headquarters at 3077 Oakcliff Industrial Street, Doraville, Georgia, and
the information reported in this dissertation regarding OEM paint was obtained from
BASF literature and in personal conversations with the instructor of the course, James
Quarles. James had begun his affiliation with paint in the 1970's when he worked for
Ford painting passenger vehicles as they rolled down the assembly line and later
transitioned into his current position with BASF as an OEM liaison and also currently
serves as technical instructor for classes in the southeast region. Mr. Quarles was very
familiar with OEM paint and their application processes, and he was very kind and
helpful in providing information regarding OEM paint as it relates to the testing in this
research.
The end result is that the paint products supplied to the OEM manufacturers,
primarily clear coats, are thermoset acrylics that are designed to be heated in infrared
ovens to over 400 ° F in order to cure completely in just a few minutes. This is in contrast
to the clear coat supplied to the aftermarket, which is designed to be baked at 140° F for
30 to 45 minutes to achieve complete drying and somewhat less than full cure.
Mr. Quarles went on to state that because plastic bumpers cannot withstand this
application of heat, and that the clearcoat used on flexible bumpers requires the addition
of an elastomeric additive (flex agent), they are usually painted at separate plants with the
same BASF products that are sold commercially. He cited the example of the Ford
Taurus plant in Atlanta, which obtains the bumpers for the Taurus from a plant in
Valdosta, Georgia, where the bumpers are painted. He also explained that this is the
reason that bumpers are occasionally observed to be a slightly different color from the car
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body on brand-new automobiles. During the class he also commented on the increased
cost that paint manufacturers carried by developing some separate products for OEM
applications and said that work is being done to develop single product lines that meet
both OEM and aftermarket needs and adhere to increasingly stricter government
pollution and emissions regulations. To this end he discussed the development of
waterborne solvent paint systems (as opposed to the conventional petroleum solvent
systems) and of the incorporation of photoinitiators into the paint to allow ultra-fast
curing by exposure to UV radiation. Regarding the waterborne products, he said that only
35% of OEM paint application is currently waterborne, while 50% of the aftermarket is
already waterborne. He also stressed that while waterborne systems are environmentally
safer, they may actually be more toxic to humans because the waterborne chemicals are
more easily absorbed through the skin and into the body.
Returning to the subject of the application of the product, he stated that the most
important parameter of applying paint to factory OEM specifications is film thickness.
Assuming the material was properly mixed and used in the proper manner, film thickness
was taught as being the most critical factor in the ultimate performance of automotive
paint finishes. The BASF technical manual states that OEM total build thickness for all
layers of paint is between 0.003" and 0.007", or 3 to 7 mils, and Mr. Quarles added that
manufacturers constantly keep film build as low as possible in order to conserve material
usage and decrease cost. He also stated that the appropriate total film build on production
vehicles is approximately 4 to 5 mils, and that manufacturers are most prone to reduce the
coverage of the clearcoat thickness because it is the most expensive paint component and
is the least noticeable material to reduce below specifications. The problem with this
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reduction is that clearcoat needs a minimum thickness of 1.8 mils to prevent UV radiation
from breaking down the basecoat. Reducing the clearcoat below this level isn't noticeable
because the gloss and exterior appearance are the same as thicker clearcoat build, but the
end result is that after several year of UV exposure from sunlight the basecoat will
breakdown and lose adhesion with the clearcoat. This causes the clearcoat to peel off the
basecoat and is most noticeable on the horizontal panels that receive the most direct
sunlight.
The BASF manual provides recommended thickness ranges for each one of its
products, and those thicknesses were adhered to as closely as possible in this research.
Excessively thick film builds can cause paint failure just as excessively thin film builds
can, although the failure modes are different. A DeFelsko digital paint thickness gauge
was used to measure the coating thickness on sample strips that were placed inside the
license plate recesses of the Taurus bumpers and in the lower opening of the Mazda
bumpers. Measuring the actual paint thickness on the bumpers themselves was not
possible due to the cost of the equipment that would be required to do so, which was on
the order of $6000. Literature was found that supported the use of sample strips (25, 26)
in paint application. The sample strips were 18 gauge unplated steel stock that had been
cut to approximately 5" long and 1" wide. Each strip received the same amount of paint
and the same number of coats as the paint on the rest of the bumper surface. While there
are almost certainly local variations in paint thickness owing to the local variations in
shape on each bumper, the strips were placed as near as possible to the bumper faces that
would be in contact with each other and were thought to be most likely to show evidence
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of damage. Special thanks are given here to Dr. Steve Richards and the Transportation
Research Center for providing the funds to obtain the paint thickness gauge.
The type of paint used on the bumper covers in this testing was selected to result
in a finished total paint layer that was as close to OEM factory application as possible in
terms of both performance and thickness, and to meet BASF and OEM warranty
standards as outlined in the BASF technical manual. The outline for finishing flexible
plastic parts is found in figure 2- 1 . It is intended for parts that have already been DA
sanded to bare plastic with 240-grit paper.
Of the many different clearcoats that the technical manual allows to be used, only
DC92 Low VOC (Volatile Organic Compound) clearcoat is approved by both Ford and
General Motors, so this was the selected clearcoat. DH42 Rapid Hardener was the
selected hardener, DF25 was used as the flex agent, and UR40 reducer was used as the
solvent.
Diamont polyester basecoat was used for the color coat, and in accordance with
OEM requirements, was mixed with 1 0% BCH2 (Base Coat Hardener) for increased
durability. The color of the basecoat was chosen to be white (GM Arctic White WA9567)
so that there would be high contrast between the surface of the bumper and the black
powdered guidecoat that was used to identify paint damage. A photograph of the
materials is provided in figure 2-2.
All of the steps in the outline were conformed to with the exception of the primer.
The specification of DP20 is based on the need to fill 240-grit DA sand scratches. 240grit sandpaper is used to strip existing paint off of the plastic and also to create deep
scratches that aid in mechanical adhesion of the paint material to the bumper surface.
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R-M Plastic Refinishing
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10% BCH2 for OEM approvals
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Figure 2- 1: BASF outline for refinishing flexible plastic. Image taken from BASF
technical manual, Version 5.3, 2004.
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Figure 2-2: Basecoat and clearcoat materials. Starting from the left, the materials are
DF25 flex agent, DH42 rapid hardener, DC92 clearcoat, Diamont basecoat, and BCH2
basecoat hardener.
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Smoother grits of sandpaper such as 400- and 600-grit are more appropriate for
surface finishes because the scratches are smaller and more uniform, but this would
require more time and material that aftermarket body shops are unwilling to follow if not
necessary. Thus, to keep the sanding process to a single step, 240-grit paper is specified
and DP20 is a high-build primer that is designed to fill in those deeper scratches and
cover other surface imperfections that a sealer is too thin to hide. The problem with this
method with respect to this research is that OEM bumper covers are delivered from the
molding process to the factory without any intermediate sanding operations, and as such,
no primer to fill imperfections in the surface is required. The smooth surface receives
only an application of adhesion promoter (865) and sealer before the basecoat and
clearcoat is applied. In order to replicate this smooth finish on the used bumpers that were
procured for the testing in this dissertation, 240-grit was used to remove the existing paint
material, 400-grit was used as an intermediate step, and the final surface finish on the
bumper was obtained through DA sanding with 600-grit. In discussions with Mr. Quarles
about which type of sealer to use, DS30 was recommended. DP2 l was also purchased
and evaluated on test panels in accordance with the BASF basecoat technical sheet but
the performance of DS30 was judged to be most similar to OEM finishes. It should be
noted that DS30 may actually be what is applied to OEM bumpers based on information
learned in the course and in conversations with Mr. Quarles. The undercoat materials can
be seen in figure 2-3 and the material sheet describing this method is shown in figure 2-4.
DP21 and PH60 were purchased for evaluation but were not used on the bumpers in this
research.
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Figure 2-3: Undercoat materials. From left is the DS30 sealer, PH12 hardener for the
DS30, DP21 primer, PH60 hardener for the DP21, and 865 adhesion promoter. The DP21
was not used on the bumpers during the testing.
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Diamont Basecoat

Application Procedures for o

o ting Flexible Parts
UR Series Reducer
BCH2 Basecoat Hardener
OP21 Color-It Primer
DF25 Flex Agent

Products

Diamant Basecoat Color
864 Plastic Adhesion Promoter
865 Plastic Adhesion Promoter
DS30 Diamond Sealer

Cleaning

See Flexible Parts section "Cleaning & Preparing Vehicle Surface for Topcoating•.

Pretreatments

Mixing Ratio

Application

Drying

Sanding/
Polishing

See Flexible Parts section ·s64 Plastic Adhesion Promoter" or "865 Plastic Adhe
sion Promoter".
Optional - Apply 1 or 2 med. wet coats of DS30 Sealer or DP21/DF25 Sealer over
the entire flexible part. Allow 20 to 60 mlns. flash (depending on the product being
used) before applying the first coat of color. When dry, tack with a clean tack rag.

MS Method 2:1

Conventional Method 1 :1

2 parts Oiamont Basecoat Color
1 part UR Reducer
optional • 1 0% BCH2 added to
unreduced color portion

1 part Diamant Basecoat Color
1 part UR Reducer
optional - 1 0% BCH2 added to
unreduced color portion

2 or 3 meet. wet coats
45 to 55 psi
5 to 1 O mins. flash between coats

Allow final coat to flash 15 mins. but no longer than 12 hours before
applying the clear. When dry, tack flexible part with a clean tack rag.

Wet Sand - NIA
Ory Sand - NIA

e

Notes

Rev. 3118/03

Figure 2-4: Technical information sheet for basecoat application. Note the option of using
DS30 sealer.
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Mr. Quarles stated that the only spray guns approved for OEM respraying are Sata
and Devilbiss. A digital Satajet HVLP gun was used to spray the adhesion promoter and
the basecoat and a Satajet RP2000 was used to spray the DS30 and clearcoat in this
research and both are presented in figure 2-5.
It was also learned in the paint school that adequate air volume on the order of 7
to 10 cfm is required at the gun in order to apply the paint materials in the manner for
which they are designed. This required a complete upgrade of all pneumatic hoses and air
handling equipment that was currently available and also required the procurement of a
larger air compressor. In addition to this volumetric requirement by the guns and paint
material, the volumetric requirements of the Dynabrade 3/16" stroke pneumatic DA
sander running at full speed and 90 psi over the full day that was required to sand down
six bumpers was approximately 17 cfm. Thus, an Ingersoll-Rand Type 30 model 2475
dual-stage 7.5 HP, 175 psi, 25 cfm continuous volume air compressor was purchased
exclusively for this research. It should be noted that this was the largest compressor
available that could still be run on single-phase electricity. This unit can be seen in figure
2-6.
Special steel racks as shown in figure 2-7 were designed and built to hold the
bumpers while they were being painted in an attempt to keep the application process as
uniform as possible.
After the bumpers were painted they were cured at approximately 140° F for 30
minutes using an Infratech model SRU 1615 infrared heat lamp. As this particular heat
lamp was not wide enough to cover the entire bumper at once, the faces were cured first,
followed by each side panel. This process can be seen in figure 2-8.
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Figure 2-5: Satajet HVLP on the left and Satajet RP2000 on the right.
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Figure 2-6: Ingersoll-Rand T2475 dual stage air compressor. Five-micron particulate and
coalescent filters are mounted next to the unit.
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Figure 2-7: Photograph of painting area showing the two bumper racks and the sanded
bumpers ready for painting. Also note the sample strips that are visible on the bumpers in
the foreground.
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Figure 2-8: Curing of bumpers using Infratech SRU 1615. In this photograph the bumpers
are actually being heated between wash cycles, but the process was identical for paint
cure.
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Finally, after the painting was complete, no color sanding or buffing of the
bumpers was performed. This meant that in the event of paint imperfections, the bumper
had to be sanded down and resprayed. This level of quality was needed so that the
bumpers were consistent with those found on OEM automobiles. A photograph of a
group of finished bumpers is presented in figure 2-9.
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Figure 2-9: Painted bumpers ready for impact testing.
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CHAPTER 3

Methodology

The testing in this dissertation is primarily concerned with establishing a model to
determine the impact velocity of the striking vehicle based on the damage pattern of the
foam-supported plastic fascia. This difference in approaches is significant. McConnell et
al did not even include the impact velocity of the striking vehicle in their paper as they
were solely concerned with the delta-v of the impacted vehicle. The most sizable
difference, however, is the correlation of flexible painted bumper damage with delta-v. In
most cases the struck vehicle is stopped, but in cases where the vehicle was moving at a
known speed, the damage to the bumper can still correlate to a particular delta-v level and
subsequently be used to establish impact speed. In the research proposed for this
dissertation, it has been shown that the damage evident on the bumper will allow a
correlation to be developed to the striking velocity of the impacting vehicle, which also
results in a relatively reliable means of computing the coefficient of restitution for the
impact because the struck vehicle is at rest with zero velocity when the impact occurs.
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With the impact speed determined from the bumper damage, and the coefficient of
restitution is known, then the resulting change in velocity of the impacted car can be
determined and the subsequent delta-v figure can be associated with the impacted
vehicle. This delta-v could then be correlated to research such as that performed by
McConnell et al, Szabo and Welcher, and others to arrive at a estimated level of
acceleration that was experienced by the occupant during the impact. This procedure has
been documented many times before as mentioned elsewhere in this dissertation but only
once with painted flexible plastic foam-supported bumpers (106). The bullet vehicle will
impact the struck car at 2, 4, 6, and 8 mph (3.2, 6.5, 9.7, and 13 km/h, respectively).
The metric of bumper paint damage was decided upon because of the prominence
and the nature of such damage as it has been observed in flexible bumpers that had been
subjected to low speed impacts in real-world events. Preliminary testing suggested a
correlation between paint damage, especially scuffing and cracking, and the closing
velocity between the vehicles. It has been established in other research that correlating
bumper damage and impact velocity is viable and other research has noted increasing
paint damage at increasing impact speeds (106) but no attempt thus far has been made to
quantify the damage and correlate it with closing velocity. In discussions with committee
members Dr. Hungerford and Dr. Kress it was decided that the measuring the area of the
paint damage is the most viable and accessible means of quantifying the effects of the
impact on the bumpers. This methodology was submitted to the committee during the
research proposal meeting, and after some discussion, it was approved. Later in the
research process it was realized that calculating and reporting the energy absorbed by the
impacts would also be a significant contribution to the body of literature regarding low
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speed impacts between foam-supported bumpers, as application of the Momentum
Energy-Restitution theory is critically dependent on accurate estimates of absorbed
energy in order to converge to a reasonable approximation of closing velocity and target
vehicle delta-v (106). The data required for computing the energy was already being
collected and it is a simple matter of evaluating it through the MER equation. This would
also provide the opportunity to investigate the correlation between bumper paint damage
area and energy absorbed in the collision.
As noted previously, the bullet vehicle used in this testing is a 1995 Mazda 929
and the target vehicle is a 1998 Ford Taurus. Both vehicles are presented in figure 3-1
and the Taurus rear end is shown in figure 3-2.
Another difference between past research and the work in this dissertation is the
repetition of impacts. Five tests will be conducted at each of the 2, 4, 6, and 8 mph
impacts. It was originally planned to use a new Taurus bumper and a new Mazda bumper
for each of the impacts, but a lack of availability of Mazda bumpers required the use of
one Mazda bumper to be used for the entire series of 2 mph impacts and 6 mph impacts
and another Mazda bumper to be used for the entire series of 4 mph impacts and 8 mph
impacts. This was done to decrease the probability of confounding between the different
impact speeds, as it is anticipated that the level of damage between 2 mph and 6 mph
impacts and 4 mph and 8 mph impacts will be large enough to distinguish, whereas
impacts separated by 2 mph may not be. This also provided the opportunity to study the
interaction of repeated impacts and damage area and determine if repeated impacts result
in cumulative bumper damage. It was possible to obtain four additional undamaged
Taurus bumper assemblies although this did require a fairly thorough search of local
245

Figure 3-1: The Ford Taurus and Mazda 929 test vehicles.
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Figure 3-2: Rear of Taurus. No evidence of previous damage to the rear of the Taurus or
the front of the Mazda was found.
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salvage yards. The costs of the Taurus bumper assemblies ranged from $125 to $175 and
the bumper cover, foam support, bumper reinforcement bar, and related hardware all
were included for each assembly. Of the assemblies procured, one was green, two were
red, one was white, and the remaining one was gold and came with the Taurus as
purchased. The bumper covers are presented in figure 3-3 and figure 3-4 and the bumper
supports and reinforcement bars are shown in figure 3-5 and figure 3-6.

Experimental Procedure

The concise procedure consisted of hitting one car with another and then
recording the damage on the bumper of each vehicle. This is as simple as the research in
this dissertation can be described. Within that simple description, however, numerous
details are contained. The scales used to measure the vehicles' velocities were placed
parallel to the vehicles' paths of travel. The distance between the vehicle sides and the
scale faces was kept at approximately 1 8" and the camera was placed directly orthogonal
to the scales to minimize the effects of parallax. The origin (or "zero point") of the testing
was set at the junction between the two butted scales. The impact was designed to occur
at this origin.
A long flexible measuring tape was attached between the scales at this point and
then laid out up the hill keeping parallel to the path of the Mazda's travel. This
established a coordinate system that allowed consistent placement of the Mazda up the
hill. This can be seen in figure 3-7.
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Figure 3-3: Taurus bumper covers as pulled.
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Figure 3-4: Interior view of bumper covers. All bumpers are in excellent condition and
show no signs of repair from previous damage.
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Figure 3-5: Taurus bumper reinforcement bars as pulled. All are in excellent condition.
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Figure 3-6: Taurus foam supports as pulled. All are in excellent condition.
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Figure 3-7: Coordinate system at impact area and measuring tape on hill.
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In order to minimize the variation that could occur between tests, effort was made
to make each test consistent with respect to placement of the scales, vehicles, camera, and
acceleration distance of the Mazda. After the optimum positioning of the aforementioned
items was determined through trial and error, bright orange paint and heavy metal
weights were used to mark the respective positions of the items.
In order to obtain reliably consistent speeds of the Mazda at impact, the GPS
device and the fabricated 5th wheel were used to approximate the Mazda's speed as it
crossed the origin point from various elevations up the hill. The air pressure in the tires of
both test vehicles was monitored during this stage and throughout the testing to control
losses to rolling resistance. Once an approximate distance for the Mazda was obtained for
each impact speed, the digital camcorder was used to record the Mazda as it rolled into
view at the scales without impacting the Taurus. Three distances (the approximate
distance and a ±1.5' distance) were evaluated in this manner for each proposed impact
speed to arrive at the most accurate distance that would yield the desired speed. In the
case of the 2 mph impacts, the Mazda was rolled back to 25', for the 4 mph impacts the
Mazda was rolled from 3 1 ', for the 6 mph impacts it was 39', and for the 8 mph impacts
it was 50'. In every case, the distance was chosen to result in at least the minimum of the
target speed, i.e., a minimum of 4 mph led to speeds between 3.9 and 4.3 mph. A 14"
long by 0.5'' diameter steel bolt was driven into the ground at each of the four
predetermined distances and sprayed with orange paint for visibility. A succession of
painted dots marking the path that was required to keep the Mazda collinear to the Taurus
was made on the slope itself. This is shown in figure 3-8.
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Figure 3-8: Acceleration path of Mazda.
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To further ensure that proper alignment between the vehicles occurred at impact,
the contact light switch mounted on the Taurus that was used to measure the duration of
bumper contact was activated by a corresponding device mounted on the front of the
Mazda. This device had a 0.5'' thick solid oak square measuring 5" by 5" that was
carefully positioned to press against the contact switch of the light device mounted on the
Taurus only when the vehicles were properly aligned within 2.5" of center. This device is
shown in figure 3-9.
In order to further aid in vehicle alignment during the testing a strip of green tape
was applied to the centerline of the decklid of the Taurus and another strip of green tape
was applied to the hood of the Mazda. The alignment of the tape on the hood of the
Mazda allowed the driver to line up the two pieces of tape as the Mazda approached the
Taurus.
For the 2 mph impacts, the Taurus was left in neutral with the engine idling.
There was valid concern about the Taurus transmission being shifted backwards into
'D' during the impacts, however, and then launching itself under its own power, so for all
subsequent tests the key was in the ignition in the 'on' position but the engine was not
running. Previous research has shown that braking in struck vehicles by the driver is
either non-existent or negligible during low speed rear impacts (9) and as such there was
no attempt to modulate the brakes of the Taurus.
For all impacts, the Mazda was backed up the hill under its own power and was
allowed to coast down the hill and impact the Taurus in neutral. The engine was on and
running in all but the final 8 mph test when the engine could not be kept running. As the
impacts increased in severity the Mazda stalled more frequently. In the first two 8 mph
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Figure 3-9: Mazda switch actuator.
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impacts the car stalled at impact and would not stay running after being restarted without
modulating the accelerator pedal.
After impact, the Taurus rolled off the grid and into the garage. The forward
motion of the Taurus was arrested by the use of rumble strips and six old tires that
absorbed the impact of the vehicle. This arrangement worked very well even for the
highest velocity 8 mph impacts. The Mazda was braked only after the forward portion
had rolled nearly off the grid.
Prior to the testing the Taurus was prepared by installing best foam bumper
reinforcement and bumper bar from the five that were available. The tubular extensions
that connected the bumper bar to the rear subframe of the vehicle were marked so that
any deformation would be quantified. This is shown in figure 3-10.
The foam support of the Taurus was photographed initially and immediately after
each test. The foam support of the Mazda was photographed and measured after each
series of tests at one impact speed.
The bumpers were randomly assigned an identifier. The system used was TB 1 for
Taurus Bumper 1, TB2 for Taurus Bumper 2, and TB3, TB4, and TBS following
similarly. The Mazda bumpers were identified as MB 1 and MB2, with MB 1 being the
original bumper from the research vehicle.
After the set of bumpers had been painted for the 2 mph impacts, a Taurus
bumper was selected at random and installed on the target vehicle. MB 1 was used for the
2-mph impacts on the Mazda. All original factory mounting locations and hardware were
used to attach each bumper to the respective vehicle. All lights and wires were properly
routed as seen in figure 3- 1 1.
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Figure 3-10: Bumper reinforcement of Taurus marked for deformation.
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Figure 3- 1 1: Taurus side marker light installation.

260

The faces of the Taurus rear bumper and the Mazda front bumper were
photographed, as were the mounting hardware. The test was set up, the impact occurred,
and the bumper faces and hardware were immediately photographed again. The Taurus
bumper was removed and placed on the rack for later analysis, and then the Taurus foam
support was inspected and photographed. A new Taurus bumper was taken from the rack
and installed. After the first post-impact photographs, the Mazda bumper was left on the
vehicle and black powdered guidecoat (part number 05 1 1 3 1 -05860, 3M Corporation,
MN) was applied to highlight any paint damage that had occurred. The guidecoat is
shown in figure 3- 1 2 and the application is shown in figure 3- 1 3 .
The damage to the Mazda bumper was recorded next. Any observed cracking,
scuffing, or impressions were noted on the data sheets. Images of the Taurus bumper and
the Mazda bumper had been printed onto the data sheets and the damage was written in
pencil on those images. Measurements of the damaged areas were made and
photographed, and finally the damaged areas were overlaid with gridded vellum paper
and the damaged areas were traced onto the paper. An example of this procedure is
shown in figure 3-14.
After the data was recorded from the Mazda bumper, the vehicles and equipment
were set up for the next test. The fresh Taurus bumper that had been installed on the car
was photographed, and the test was performed. The same procedure as outlined above
was again reiterated until all five of the Taurus bumpers had been impacted for the speed
range being evaluated. The last Taurus bumper was removed and placed on the rack, and
then all of the Taurus bumpers were covered with the powdered guidecoat. Damage was
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Figure 3- 12: Powdered guidecoat by 3M Corporation.

262

-••

--

-- =

--...� :

..

Figure 3-13: Application of powdered guidecoat. The lower bumper has had the
guidecoat applied on the left side and has not had any applied on the right side. The
damage pattern on the right side of the lower bumper is from the guidecoat that had been
on the Mazda bumper and transferred to the Taurus bumper during impact. The bumper
at the top of the photograph has not been impacted.
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Figure 3-14: Recording the damaged area on gridded vellum.
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noted in the same manner as described for the Mazda bumper including the recording of
the damaged areas on gridded vellum.
The bumpers were identified by writing the identifier and test details on post-it
notes for the 2 mph impacts. This proved susceptible to human error as in some cases
these notes were forgotten in some photographs, so for the 4, 6 and 8 mph impacts the
bumper name, impact speed, and post-impact designations were written on the bumpers
themselves in several places that were not expected to interfere with possible damage
patterns.
The Taurus bumper was also equipped with a license plate for each impact. One
plate was used for the 2 and 4 mph impacts, which showed little to no damage, and a
fresh plate was used for each of the 6 and 8 mph impact tests.
After each series of impacts had been completed, the footage of each test was
downloaded to a Dell Inspiron 8500 laptop computer. The footage was then analyzed
using MotionDV or Windows MovieMaker digital video software programs. The
following data was recorded during the testing and calculated during the analysis of the
footage for each impact:

1. Pre-impact speed of Mazda

2. Post-impact speed of Taurus
3. Post-impact speed of Mazda
4. Delta-V of Taurus

5. Delta-V of Mazda
6. Duration of impact
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7. Coefficient of restitution
8. Crack area of each bumper
9. Foam damage of each vehicle
10. Bumper reinforcement displacement of each vehicle
11. Ambient Temperature

These specific characteristics of each test are the performance metrics that were
decided upon to be recorded. These metrics are the raw data that was generated in this
testing. Each of these metrics was listed out on a master sheet, and copies of this master
sheet were filled out during the impact event of test. An example of this sheet is found in
figure 3- 15. This manner of data collection insured against errors or omissions in the data
recorded from each test. It also facilitated straightforward analysis and comparison of
data between different impact tests. The impact test speed and number were recorded
first. The testing procedure was initially designed to consist of randomly selected impact
speeds but the damage noted after the first 2 mph impact forced a reconsideration of this
strategy. Given that energy is squared as velocity is doubled, and that the thresholds of
plastic damage had never been empirically determined in this kind of testing, there was
the distinct danger that randomizing the impact speeds would result in confounding
damage between the speed ranges. After further discussion with Dr. Hungerford and Dr.
Kress it was decided to modify the planned experimental procedure by conducting the
impact speeds from lowest to highest. The bumpers were still to be randomly chosen. The
impact velocity of the Mazda was recorded first as the desired (2, 4, 6, or 8 mph) and
then the actual speed as measured (2.4, 2.7, 2.6 mph). The Taurus was initially at rest and
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Tests ----

Impact Velocity _____

Test 1
Mazda Pre-impact Velocity:
Taurus Post-impact Velocity:
Mazda Post-impact Velocity:
Delta-v of Mazda:
Delta-v of Taurus:
Energy Absorbed (ft-lb)
Duration of Impact:
C.O.R.:
Taurus Bumper:
Crack Area:
Foam Damage:
Piston Displacement:
Mazda Bumper:
Crack Area:
Foam Damage:
Piston Displacement:
Air Temperature (F):

Figure 3-15: Example impact data sheet
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Date

Test 2

had no pre-impact velocity. The post-impact velocity of the Taurus was recorded next.
The delta-v of both vehicles was calculated. Finally, the duration of the entire event was
noted as was the ambient air temperature at the time of the testing.
The thicknesses of the coatings applied to each bumper are also recorded during
the painting process. Each bumper was painted according to BASF specifications that are
required for OEM warranty protection. The thickness of the total paint film is thought to
have the most effect on post-impact cracking, and the paint was applied in thicknesses
that are specified in the BASF Technical Reference Manual and are as similar as possible
to OEM paint thicknesses. The sample data sheet for recording the material thickness for
each bumper is shown in figure 3-16.
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Material Type

Total
Thickness

Impact Test

865

DS 30
Sealer

Test 1
Taurus Bumper 5
Test 2
Taurus Bumper 4
Test 3
Taurus Bumper 2
Test 4
Taurus Bumper 1
Test 5
Taurus Bumper 3

Tests 1 - 5
Mazda Bumper 1

Figure 3-16: Example coating thickness data sheet.
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Base
coat

DC 92
Clearcoat

CHAPTER 4

Data from Impact

The data in this dissertation is presented in tabular format. The coating
thicknesses are provided in tables immediately prior to the tables containing impact data.
The data is arranged in the order the impacts occurred, with Test 1 representing the first 2
mph test, Test 2 representing the second 2 mph test, and so on. This format was followed
through the different series of impact speeds, with Test 6 representing the first 4 mph
impact, Test 7 being the second 4 mph impact, and so on with that as well. A matrix of
the tests and the bumpers is provided in table 4-1.
Table 4-2 provides thickness data for the bumper paint in the 2 mph tests. Table
4-3 through table 4-5 show crash impact data from the Mazda striking against the Ford
Taurus at an impact speed of 2 mph. Table 4-6 shows paint thickness data for the 4 mph
bumpers. Tables 4-7, 4-8, and 4-9 show crash impact data from the Mazda striking
against the Ford Taurus at an impact speed of 4 mph. Table 4-10 contains paint thickness
data for the bumpers used in the 6 mph impacts, and table 4-11, 4-12, and 4-13 shows the
271

data obtained from the 6 mph impacts. Lastly, table 4- 14 has the paint thicknesses for the
8 mph bumpers, and table 4- 15 and 4- 16 show crash impact data from the Mazda striking
against the Ford Taurus at an impact speed of 8 mph.
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Table 4- 1: Matrix of Impact Tests
2 mph
Impacts

4 mph
Impacts

6 mph
Impacts

8 mph
Impacts

Test 1
TB5
MB l

Test 6
TB l
MB2

Test 1 1
TB2
MB l

Test 16
TB4
MB2

Test 2
TB4
MB l

Test 7
TB2
MB2

Test 12
TB5
MB l

Test 17
TB5
MB2

Test 3
TB2
MB l

Test 8
TB3
MB2

Test 13
TB4
MB l

Test 18
TB3
MB2

Test 4
TB l
MB l

Test 9
TB4
MB2

Test 14
TB l
MB l

NA

Test 5
TB3
MB l

Test 10
TB5
MB2

Test 15
TB3
MB l

NA
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Table 4-2: Bumper Coating Thicknesses Data for 2 mph Impacts
Material Type

Total
Thickness

Impact Test

865

DS 30
Sealer

Base
coat

DC 92
Clearcoat

Test 1
Taurus Bumper 5

0.3 mil

1.0 mil

1.3 mil

1.7 mil

4.3 mil

Test 2
Taurus Bumper 4

0.2 mil

1. 1 mil

1.3 mil

1.6 mil

4.2 mil

Test 3
Taurus Bumper 2

0.2 mil

0.7 mil

1.4 mil

2.3 mil

4.6 mil

Test 4
Taurus Bumper 1

<0.1 mil

0.9 mil

0.9 mil

2. 1 mil

4.0 mil

Test 5
Taurus Bumper 3

0. 1 mil

1.2 mil

1.7 mil

1.8 mil

4.8 mil

0.2 mil

0.5 mil

1.6 mil

2.0 mil

4.3 mil

Tests 1 - 5
Mazda Bumper 1
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Table 4-3: 2 mph impact data for Test 1 and Test 2

Test Metrics

Test 1

Test 2

Mazda Pre-impact Velocity:

2.56 mph

2.66 mph

Taurus Post-impact Velocity:

1.92 mph

2.24 mph

Mazda Post-impact Velocity:

0.85 mph

0.73 mph

Delta-v of Mazda:

1.71 mph

1.93 mph

Delta-v of Taurus:

1.92 mph

2.24 mph

Energy Absorbed:

320.7 ft-lb

284.2 ft-lb

Duration of Impact:

185 ms

200 ms

C.O.R.:

0.418

0.568

Taurus Bumper:

TB5

TB4

Damage Area:

0.41 in2

0.45 in2

Foam Damage:

None

None

Piston Displacement:

None

None

Mazda Bumper:

MBl

MBl

Damage Area (cumulative):

0.97 in2

1.89 in2

Foam Compression:

0.375"

NA

Piston Displacement:

None

None

Air Temperature (F):

48 °F

53 °F
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Table 4-4: 2 mph impact data for Test 3 and Test 4

Test Metrics

Test 3

Test 4

Mazda Pre-impact Velocity:

2.56 mph

2.56 mph

Taurus Post-impact Velocity:

1.92 mph

2.05 mph

Mazda Post-impact Velocity:

0.85 mph

0.78 mph

Delta-v of Mazda :

1.71 mph

1.78 mph

Delta-v of Taurus :

1.92 mph

2.05 mph

Energy Absorbed:

320.7 ft-lb

293.0 ft-lb

Duration of Impact:

200 ms

235 ms

C.O.R.:

0.418

0.496

Taurus Bumper:

TB2

TBl

Damage Area:

0.69 in2

0.39 in2

Foam Damage:

None

None

Piston Displacement:

None

None

Mazda Bumper:

MBl

MB l

Damage Area (cumulative):

2.77 in2

3.24 in2

Foam Damage:

NA

NA

Piston Displacement:

None

None

Air Temperature (F):

60 °F

6 1 °F
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Table 4-5: 2 mph impact data for Test 5

Test Metrics

Test 5

Mazda Pre-impact Velocity:

2.39 mph

Taurus Post-impact Velocity:

1.88 mph

Mazda Post-impact Velocity:

0.73 mph

Delta-v of Mazda :

1.66 mph

Delta-v of Taurus :

1.88 mph

Energy Absorbed:

260.3 ft-lb

Duration of Impact:

235 ms

C.O.R.:

0.481

Taurus Bumper:

TB3

Damage Area:

0.64 in2

Foam Damage:

None

Piston Displacement:

None

Mazda Bumper:

MBl

Damage Area (cumulative):

3.24 in2

Foam Compression:

0.625"

Piston Displacement:

None

Air Temperature (F):

59 °F
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Table 4-6: Bumper Coating Thicknesses for 4 mph Impacts
Material Type

Total
Thickness

Impact Test

865

DS 30
Sealer

Base
coat

DC 92
Clearcoat

Test 6
Taurus Bumper 1

0.5 mil

1 . 1 mil

1 .6 mil

1 .6 mil

4.8 mil

Test 7
Taurus Bumper 2

0.2 mil

1 .3 mil

1.4 mil

1 .8 mil

4.7 mil

Test 8
Taurus Bumper 3

0.3 mil

0.7 mil

1.5 mil

1 .9 mil

4.4 mil

Test 9
Taurus Bumper 4

0.3 mil

0.9 mil

0.9 mil

2.2 mil

4.3 mil

Test 1 0
Taurus Bumper 5

0.4 mil

1 .3 mil

1 .4 mil

2.0 mil

5. 1 mil

0.2 mil

0.9 mil

1.0 mil

1 .8 mil

3.9 mil

Tests 1 - 5
Mazda Bumper 1
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Table 4-7: 4 mph impact data for Test 6 and Test 7

Test Metrics

Test 6

Test 7

Mazda Pre-impact Velocity:

4.26 mph

4.05 mph

Taurus Post-impact Velocity:

3.4 1 mph

3.28 mph

Mazda Post-impact Velocity:

1.31 mph

1. 14 mph

Delta-v of Mazda:

2.95 mph

2.91 mph

Delta-v of Taurus:

3.4 1 mph

3.28 mph

Energy Absorbed:

814.5 ft-lb

701.4 ft-lb

Duration of Impact:

170 ms

200 ms

C.O.R.:

0.493

0.528

Taurus Bumper:

TB l

TB2

Damage Area:

20.28 in2

32.44 in2

Foam Damage:

None

None

Piston Displacement:

None

None

Mazda Bumper:

MB l

MB l

Damage Area (cumulative):

47.26 in2

50.74 in2

Foam Damage:

NA

NA

Piston Displacement:

None

None

Air Temperature (F):

53 °F

50 °F
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Table 4-8: 4 mph impact data for Test 8 and Test 9

Test Metrics

Test 8

Test 9

Mazda Pre-impact Velocity:

4.09 mph

4.04 mph

Taurus Post-impact Velocity:

3.07 mph

3.25 mph

Mazda Post-impact Velocity:

1.28 mph

1.20 mph

Delta-v of Mazda:

2.81 mph

2.84 mph

Delta-v of Taurus:

3.07 mph

3.25 mph

Energy Absorbed:

801.5 ft-lb

719.0 ft-lb

Duration of Impact:

180 ms

150 ms

C.O.R. :

0.438

0.507

Taurus Bumper:

TB3

TB4

Damage Area:

17.03 in2

19.63 in2

Foam Damage:

None

None

Piston Displacement:

None

None

Mazda Bumper:

MB l

MB l

Damage Area (cumulative):

NA

NA

Foam Damage:

NA

NA

Piston Displacement:

None

None

Air Temperature (F):

55 °F

60 °F
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Table 4-9: 4 mph impact data for Test 10

Test Metrics

Test 10

Mazda Pre-impact Velocity:

3.84 mph

Taurus Post-impact Velocity:

2.84 mph

Mazda Post-impact Velocity:

1. 1 1 mph

Delta-v of Mazda:

2.73 mph

Delta-v of Taurus:

2.84 mph

Energy Absorbed:

696.5 ft-lb

Duration of Impact:

170 ms

C.O.R.:

0.45 1

Taurus Bumper:

TB5

Damage Area:

3 1.97 in2

Foam Damage:

None

Piston Displacement:

None

Mazda Bumper:

MB2

Damage Area (cumulative):

54.98 in2

Foam Compression:

0.875"

Piston Displacement:

None

Air Temperature (F):

60 °F
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Table 4- 10: Bumper Coating Thicknesses for 6 mph Impacts
Material Type

Total
Thickness

Impact Test
Base
coat

DC 92
Clearcoat

Test 1 1
Taurus Bumper 2

865

DS 30
Sealer

0.2 mil

1.0 mil

1. 1 mil

2.0 mil

4.3 mil

Test 12
Taurus Bumper 5

0.2 mil

1.2 mil

1.3 mil

2.2 mil

4.9 mil

Test 13
Taurus Bumper 4

0.3 mil

1.0 mil

1.8 mil

1.9 mil

5.0 mil

Test 14
Taurus Bumper 1

0.2 mil

0.8 mil

1.4 mil

1.8 mil

4.2 mil

Test 15
Taurus Bumper 3

0.3 mil

1.2 mil

1.4 mil

2.0 mil

4.9 mil

0.2 mil

0.9 mil

1.5 mil

1.7 mil

4.3 mil

Tests 1 - 5
Mazda Bumper 1
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Table 4-11: 6 mph impact data for Test 11 and Test 12

Test Metrics

Test 1 1

Test 12

Mazda Pre-impact Velocity:

5.90 mph

5.80 mph

Taurus Post-impact Velocity:

4.50 mph

4.60 mph

Mazda Post-impact Velocity:

1.70 mph

1.70 mph

Delta-v of Mazda:

4.20 mph

4.10 mph

Delta-v of Taurus:

4.50 mph

4.60 mph

Energy Absorbed:

1598.2 ft-lb

1496.0 ft-lb

Duration of Impact:

140 ms

170 ms

C.O.R.:

0.475

0.500

Taurus Bumper:

TB2

TBS

Damage Area:

66.47 in2

57.70 in2

Foam Damage:

None

None

Piston Displacement:

None

None

Mazda Bumper:

MB l

MB l

Damage Area (cumulative):

NA

NA

Foam Damage:

NA

NA

Piston Displacement:

None

None

Air Temperature (F):

52 °F

60 °F
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Table 4-12: 6 mph impact data for Test 13 and Test 14

Test Metrics

Test 13

Test 14

Mazda Pre-impact Velocity:

6.00 mph

5.91 mph

Taurus Post-impact Velocity:

4.46 mph

4.46 mph

Mazda Post-impact Velocity:

1.85 mph

1.70 mph

Delta-v of Mazda:

4.15 mph

4.21 mph

Delta-v of Taurus:

4.46 mph

4.46 mph

Energy Absorbed:

1730.6 ft-lb

1619.3 ft-lb

Duration of Impact:

140 ms

150 ms

C.O.R.:

0.435

0.467

Taurus Bumper:

TB4

TBl

Damage Area:

66.73 in2

58.69 in2

Foam Damage:

None

None

Piston Displacement:

None

None

Mazda Bumper:

MBl

MBl

Damage Area (cumulative):

NA

NA

Foam Damage:

NA

NA

Piston Displacement:

None

None

Air Temperature (F):

60 °F

54 °F
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Table 4- 1 3: 6 mph impact data for Test 1 5

Test Metrics

Test 15

Mazda Pre-impact Velocity:

5.68 mph

Taurus Post-impact Velocity:

4.26 mph

Mazda Post-impact Velocity:

1 .70 mph

Delta-v of Mazda:

3.98 mph

Delta-v of Taurus:

4.26 mph

Energy Absorbed:

1 523.8 ft-lb

Duration of Impact:

1 70 ms

C.O.R.:

0.451

Taurus Bumper:

TB3

Damage Area:

54.53 in2

Foam Damage:

None

Piston Displacement:

None

Mazda Bumper:

MB l

Damage Area (cumulative):

1 0 1 .70 in2

Foam Compression:

0.875", foam cracked
through

Piston Displacement:

None

Air Temperature (F):

45 °F
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Table 4-1 4 : Bumper Coating Thicknesses for 8 mph Impacts
Total
Thickness

Material Type
Impact Test

865

DS 30
Sealer

Base
coat

DC 92
Clearcoat

Test 1 6
Taurus Bumper 4

0.5 mil

1 .2 mil

1 . 1 mil

1 .9 mil

4.7 mil

Test 1 7
Taurus Bumper 5

0.2 mil

1 . 1 mil

1 .3 mil

2.0 mil

4.6 mil

Test 1 8
Taurus Bumper 3

0.3 mil

1 .0 mil

1.4 mil

2.3 mil

5.0 mil

Test 4
None

-

-

-

-

-

Test 5
None

-

-

-

-

-

Tests 1 - 5
Mazda Bumper 1

0. 1 mil

0.8 mil

1 .7 mil

2. 1 mil

4.7 mil
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Table 4-15: 8 mph impact data for Test 16 and Test 17

Test Metrics

Test 16

Test 17

Mazda Pre-impact Velocity:

8.31 mph

8.0 1 mph

Taurus Post-impact Velocity:

6.29 mph

6.09 mph

Mazda Post-impact Velocity:

2.56 mph

2.56 mph

Delta-v of Mazda:

5.75 mph

5.45 mph

Delta-v of Taurus:

6.29 mph

6.09 mph

Energy Absorbed:

3269.0 ft-lb

3064.3 ft-lb

Duration of Impact:

150 ms

125 ms

C.O.R.:

0.449

0.44 1

Taurus Bumper:

TB4

TBS

Damage Area:

102.52 in2

9 1.69 in2

Foam Damage:

None

None

Piston Displacement:

None

None

Mazda Bumper:

MB2

MB2

Damage Area (cumulative):

86.20 in2

86.84 in2

Foam Damage:

NA

NA

Piston Displacement:

None

None

Air Temperature (F):

63 °F

65 °F
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Table 4-16: 8 mph impact data for Test 18

Test Metrics

Test 18

Mazda Pre-impact Velocity:

8.10 mph

Taurus Post-impact Velocity:

6.40 mph

Mazda Post-impact Velocity:

2.56 mph

Delta-v of Mazda:

5.54 mph

Delta-v of Taurus:

6.40 mph

Energy Absorbed:

3016.1 ft-lb

Duration of Impact:

170 ms

C.O.R.:

0.474

Taurus Bumper:

TB3

Damage Area:

87.77 in2

Foam Damage:

None

Piston Displacement:

None

Mazda Bumper:

MB2

Damage Area (cumulative):

100.36 in2

Foam Damage:

Unchanged

Piston Displacement:

None

Air Temperature (F):

62 °F
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CHAPTER S

Analysis of Data

Having completed the research and collected the data that was presented in the
previous chapter, the obvious next step is to compute the means and sample standard
deviations of the primary metrics and validate the data to the extent that is possible using
MER theory and mass ratio to inverse delta-v ratio.
A basic principle of the conservation of momentum is that the ratio of delta-v
quantities experienced by the two vehicles colliding will be equal to their inverse mass
ratio. This is evident when viewing the conservation of momentum equation, as seen in
M 1 �V 1

= M2 �V2 . By dividing the left side by M2 and the right side by �V 1 the equality

M 1 /M2 = �V2/�V 1 is obtained. This is a fundamental relationship that serves as a check
for any crash reconstruction where delta-v quantities for two colliding vehicles are
calculated, especially when the delta-v figures are determined through the use of
conservation of energy, as in head-on or rear-end impact within 10° of collinearity.
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In the case of the research data found in Chapter 4, this relationship can be used
as a check for reasonable accuracy if the two test vehicle masses are known. The actual
test vehicles weights were not able to be obtained, but published data
(Consumerguide.com) lists the Ford Taurus curb weight as 3326 lbs and the Mazda 929
curb weight as 3627 lbs. The Ford Taurus used in the testing had one -5 lb taillight
removed and about 15 lb worth of steel instrumentation on it, and the Mazda had both
headlights (-7 .5 lbs), one taillight (-5 lbs), and trunk carpeting (-15 lbs) removed and
had one 175 lb occupant and about 20 lbs of steel test equipment on it. The effective
vehicle weights as calculated were then 3341 lbs for the Taurus and 3787 lbs for the
Mazda. The calculated mass ratio of the test vehicles is then 1.133. The empirically
measured inverse delta-v ratios can now be calculated and the result compared to the
actual mass ratio and the resulting difference will provide a general idea of how
consistent and precise (not necessarily accurate) the data is. Table 5-1 contains a table of
the calculated inverse delta-v ratios.
The difference between the mean of all the test inverse delta-v ratios and the
calculated mass ratio is 1.133 - 1.112 = 0.021. The percent error then associated with the
measured values from the calculated values is 1.8%. This error is small and is a positive
indication that the empirically measured data is reasonably precise, assuming that the
published vehicle weights are very close to the actual test weights.
The next test is to check the accuracy of the balance between the coefficient of
restitution data and the impact speed data. The first equation in the MER theory uses
these two pieces of data to calculate the expected delta-v of the Mazda. This calculated
delta-v can then be compared to the actual delta-v that the Mazda
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Table 5- 1: Inverse delta-v figures for all tests.

N
\0

Test
Speed

Impact 1

Impact 2

Impact 3

Impact 4

Impact 5

Mean

Sx

2 mph

1. 12

1. 16

1. 12

1. 15

1. 13

1.136

0.018

4 mph

1. 16

1. 13

1.09

1. 14

1.04

1.112

0.048

6 mph

1.07

1. 12

1.07

1.06

1.07

1.078

0.024

8 mph

1.09

1. 12

1. 16

NA

NA

1.123

0.035

Actual

1.133

experienced for each test. Again, this is also dependent on the published mass data being
correct for each vehicle.
For this test, instead of comparing each individual impact, the means of the
impact speeds, Mazda delta-v figures, and coefficients of restitution for each impact
speed series will be computed to obtain more representative parameters for each test. The
resulting data is shown in table 5-2. There are two interesting things to learn from this
comparison, and both stem from the difference between the calculated and measured
Mazda delta-v quantities. The calculated delta-v figures are about 12% higher than those
that were actually measured during the testing. Given the good agreement between the
inverse delta-v figures in the preceding test, it is unlikely that the coefficient of restitution
or the measured delta-v figures are significantly erroneous. If these are correct, which the
evidence so far supports, then the measured Mazda pre-impact speeds are also likely to
be correct. This leaves the masses of the vehicles in question, which do have a significant
impact on the final result. It is very possible that the ratio of the masses between the
vehicles is correct, while the individual masses may both be slightly larger than those
used from published data. An increase in the mass of the Taurus would lower the
calculated delta-v figure, but would also disrupt the agreement evident in the inverse
delta-v figures, so it is likely that both assumed vehicle masses are by a small amount
proportionately less than the actual test vehicle masses. A sensitivity analysis of the MER
equation using different masses revealed that an increase in both vehicle weights by
approximately 180 lbs brought the percent difference to around 5%.
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Table 5-2: Comparison of calculated Mazda delta-v to actual Mazda delta-v.

"°

Test Speed

Coefficient of
Restitution (e)

Mean Mazda
Pre-Impact
Speed

Mean
Measured
Mazda DeltaV

Calculated
Mazda DeltaV

Difference

2 mph

0.4762

2.546 mph

1.758 mph

1.996 mph

0.238 mph

13.5%

4 mph

0.4834

4.056 mph

2.848 mph

3. 196 mph

0.348 mph

12.2%

6 mph

0.4656

5.858 mph

4.128 mph

4.561 mph

0.433 mph

10.5%

8 mph

0.4550

8. 14 mph

5.58 mph

6.293 mph

0.713 mph

12.8%

Percent
Error from
Measured
Delta-V

N

v.)

The second interesting item to learn from this difference is that it agrees with the
results of other researchers who have found that the MER method often returns speed
estimates that are higher than measured quantities ( 1 1, 56). Given the difference that still
existed after a sensitivity analysis was performed with the vehicle masses, there is likely
some aspect of this at work in this analysis, too. The consistency in the noted difference
however, does help confirm the consistency of the collected data, and it does illustrate
another aspect of MER theory that inhibits its effectiveness in practical real-world
application.
Having established that the data is reasonably reliable within the means of the
constraints on this research, attention can now be turned to performing statistical analysis
on the data sets with an eye towards investigating relationships between bumper paint
damage and vehicle kinematics. The first simple analysis consists of determining the
means and sample standard deviations of the Taurus delta-v, the damage areas, and the
energy absorbed for each of the four groups of impacts. This information is presented in
table 5-3. The means of the COR, Mazda pre-impact speed, and Mazda delta-v were
presented previously, but those same parameters and their corresponding sample standard
deviations are presented in table 5-4 for the sake of easier comparison.
The data shows preliminary evidence for the support of a correlation of bumper
paint damage area of the struck vehicle to the delta-v of the struck vehicle. There is a
clear and substantial difference in damage areas between the for different impact speeds.
The average difference between damage areas for each speed range is about 31 in2 with a
sample standard deviation of 6.6 in2 •
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Table 5-3: Comparison of Taurus delta-v, damage areas, and energy absorbed.

"°

Test Speed

Mean
Measured
Taurus
Delta-V

Taurus
Delta-V
Sx

Mean Taurus
Damage Area

Taurus
Damage Area
Sx

Mean Energy
Absorbed

2 mph

2.002 mph

0. 148 mph

0.52 in2

0. 14 in2

295.8 ft-lb

25.7 ft-lb

4 mph

3. 170 mph

0.22 1 mph

24.27 in2

7.35 in2

746.6 ft-lb

56.9 ft-lb

6 mph

4.456 mph

0. 124 mph

60.82 in2

5.49 in2

1593.6 ft-lb

92.0 ft-lb

8 mph

6.26 mph

0. 157 mph

94.00 in2

7.64 in2

3 1 16.5 ft-lb

134.3 ft-lb

Energy
Absorbed Sx

N
Vi

Table 5-4: Comparison of Mazda pre-impact speed, delta-v, and coefficient of restitution.

Test Speed

Mean Mazda
Pre-impact
Speed

Mazda
Pre-impact
Speed Sx

Mean
Measured
Mazda
Delta-V

Mazda
Delta-V
Sx

Coefficient of
Restitution
(e)

2 mph

2.546 mph

0.097 mph

1.758 mph

0. 105 mph

0.4762

0.0625

4 mph

4.056 mph

0. 150 mph

2.848 mph

0.086 mph

0.4834

0.0379

6 mph

5.858 mph

0. 122 mph

4. 128 mph

0.094 mph

0.4656

0.0246

8 mph

8. 140 mph

0. 154 mph

5.580 mph

0. 154 mph

0.4547

0.0 172

N
l,,O
O',

Coefficient of
Restitution
Sx

The deviation in the measured delta-v of the Taurus is fairly low and shows
reasonable precision of the data. The deviation of delta-v is highest for the 4 mph impact
but this did not affect the statistical significance of the correlation. The impact speeds of
the Mazda were a bit high for the 2 mph testing but this was deemed a positive aspect as
it slightly exceeds the 2.5 mph test speed mandated in the NHTSA FMVSS bumper
standard for passenger vehicles. This approximate 2.5 mph mean impact speed resulted in
a mean delta-v of about 2 mph for the struck Taurus. The mean impact speed of about 4 . 1
mph of the Mazda for the 4 mph tests was very close to the target value, and this impact
speed resulted in a corresponding delta-v of the Taurus of about 3.2 mph. The mean -5.9
mph impact speed for the 6 mph tests was a bit low, but it was deemed acceptable as
representative of 6 mph impacts within the limits of accuracy in this research. This -5.9
mph impact speed resulted in a corresponding -4.5 mph delta-v of the struck Taurus. In
the 8 mph tests, the approximate impact speed of the Mazda was -8. 1 mph, and this
resulted in a Taurus delta-v of about -6.3 mph.
Even with the deviation of the Taurus delta-v of 0.22 1 mph for the 4 mph tests,
the sample standard deviations for all of the other test parameters seen in the above tables
is quite low. One unexpected result was that the coefficient of restitution values did not
drop significantly as the impact speeds increased. When this was first observed after the
analysis of the raw data, it was presumed a mistake might have been made in the analysis
and the raw data was reviewed again several times for each test. The data stands as
presented and analyzed. The COR for the 2 mph test was expected to be higher, and the
COR was expected to decrease at a faster rate as the impact speeds increased. One
possible reason for these phenomena is that at the low 2 mph speed the viscoelastic
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properties of the flexible plastic foam supported bumpers resulted in greater energy loss
than with that of rigid or energy absorbing bumpers due to the threshold at which
significant elastic deformation occurs. At this low impact speed the elastic deformation of
rigid bumper assemblies and energy-absorbing bumper assemblies might be much less
than that of the softer flexible foam supported bumpers, and result in less energy loss and
a corresponding higher COR, while at higher speeds the threshold of plastic damage for
those two types of bumpers is reached and results in greater energy lost in impact, while
the flexible foam supported bumpers are still experiencing elastic deformation with
viscoelastic losses that are now significantly lower than those of the rigid and energy
absorbing bumper assemblies.
The possibility that paint film thickness had an effect on bumper paint damage of
the struck vehicle was raised during the dissertation proposal meeting. In order to
quantify this, the thickness of the paint film for each bumper in each impact test was
recorded as explained in Chapter 2 of Part II of this dissertation. The application of the
substrate and topcoats were wet-on-wet (as in OEM) and the resulting total film thickness
is assumed to be not only mechanically bonded but chemically bonded as well. Given this
case it is likely that paint damage, especially cracking, is most likely influenced by the
thickness of the overall total paint film from the bare plastic to the clearcoat and not as
influenced by the thickness of any one material layer thickness. As such, a statistical
analysis of the total paint film thickness and damage area was performed to investigate
the possibility that paint thickness had played a role in the damage area of the paint on
the struck vehicle bumper. A Pearson correlation test was performed between the two
data sets and the resulting R-value was 0.392 at a p-value of 0.054. This p-value is
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greater than the 0.05 significance level, and shows that there is no correlation between
total paint film thickness and paint damage area of the struck vehicle. To verify that the
test is valid and the underlying data set is normally distributed, a normal P-P plot
regression analysis was performed which showed an approximately linear relationship
between the expected cumulative probabilities and the observed cumulative probabilities
with damage area as the dependent variable.
Given that the data sets are normally distributed, an ANOVA test was also
performed on the data. The p-value that resulted from that test was 0. 108, higher than the
significance level of 0.05. This confirmed the results of the Pearson test and verifies that
total paint film thickness did not affect the bumper paint damage areas to a statistically
significant level.
One of the primary hypotheses of this dissertation research was to determine if a
relationship existed between bumper paint damage of a struck vehicle and the impact
speed of the striking vehicle. Statistically speaking, this would be established by adopting
the null hypothesis that the means are equal. A non-parametric rank-sum ANOVA test
was preferred due to the uncertainty of the shape of the underlying distribution, and the
Kruskal-Wallis test was selected to analyze the data. A Bonferroni adjustment was made
to the results to minimize the possibility of Type I error, and this necessitated the use of
SPSS rather than JMP as the software application to use in this analysis. A significance
level of a = 0.05 was selected and the resulting exact test p-value was 0.000 for the entire
data set. These results can be seen in figure 5- 1.
This tentatively suggested that the null hypothesis should be rejected for the entire
data set, but it did not elaborate on whether statistical differences existed between groups.
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Descriptive Statistics
Damage_Area
Speed

N

18
18

Mean
39.4461
2.3333

Std. Deviation
34.63594
1 .08465

Minimum
.39
1 .00

Maximum
1 02.52

4.00

Kruskal-Wallis Test
Ranks
Damage_Area

Speed
1 .00
2.00
3.00
4.00
Total

N

5

5

5

3
18

Mean Rank
3.00
8.00
1 3.00
1 7.00

Test Statlstlcs8•b
Damage Area
Chi-Square
1 5.877
df
3
Asymp. Sig.
.001
Exact Sig.
.000
Point Probability
.000
a. Kruskal Wallis Test
b. Grouping Variable: Speed

Figure 5-1: Results of Kruskal-Wallis statistical analysis on damage areas to impact
speed.
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A one-way ANOVA on the individual speed group data sets was performed which agreed
with the results of the Kruskal-Wallis test, and both Tukey and Bonferroni adjustments
were made to the output to minimize the overall Type I a. error rate. Both of the
adjustments showed significantly different mean damage areas between all groups, with
all p-values equal to less than 0.001, which is significantly less than the significance level
of 0.05. These results are shown in figure 5-2 and 5-3, respectively.
The Bonferroni tests, however, do require that the variances are approximately
equal for each group and that the underlying data set is normally distributed. A
subsequent bootstrap analysis showed that the p-values were significant at asymptotic
parameters, which nullified the significance that the Bonferroni adjustments showed. This
required another test to be selected which could illustrate differences between speed
groups. The Mann-Whitney U-test is a nonparametric statistical analysis that is valid
under the aforementioned conditions and individual tests were run on damage areas
against each group using this method. The results indicated statistically significant p
values for each comparison. The result for the 2 mph and 4 mph damage areas was an
exact p-value of 0.008. The results of this output are shown in figure 5-4. The result for
the 2 mph and 6 mph damage areas was also an exact p-value of 0.008. The results of this
test are shown in figure 5-5. The result between the 2 mph and 8 mph damage areas was
significant at an indicated exact p-value of 0.036, but the seemingly reduced strength of
this correlation is somewhat misleading because of the reduced sample size of n = 3 for
the 8 mph tests compared to n = 5 for the 2, 4, and 6 mph tests. It is, however, still
statistically significant. The result of this is shown in figure 5-6.
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Oneway
[ DataSetO ]
ANOVA
Damage_Area

Between Groups
Within Groups
Total

Sum of
Squares

df

1 9940.609
453.409
20394.01 7

3

Mean Square

14
17

6646.870
32.386

F
205.237

Siq.
.000

Robust Tests of Equality of Means
Damage_Area

I I

I

df1
Statistic8
Welch
290.303
3
a. Asymptotically F distributed.

I

Sig.

.000

Figure 5-2: Results of one-way ANOVA test on damage area to impact speed.
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MulUple Comparisons
Dependent Variable: Oamage_Area

Tukey HSD

{I) Soeed
1 .00

2.00

3.00

(Jl Sooec!
2.00

3.00
4.00

Mean
Difference
ll·J)

·23.75400·

1 .00

-60.30800·
.93_47733•
23.75400"

1 .00

-69.72333*
60.30800·

3.00
4.00
2.00
4.00

·36.55400*
36.55400·

·33.1 6933°
4.00
1 .00
93.47733*
2.00
69.72333*
°
3.00
33. 1 6933
Bonterroni
-23.75400*
1 .00
2.00
-60. 30800*
3.00
4.00
.93_47733•
2.00
1 .00
23.75400·
·36.55400"
3.00
4.00
-69.72333"
1 .00
3.00
60.30800"
2.00
36,55400•
4.00
·33. 1 6933*
4.00
1 .00
93_4n33·
2.00
69.72333"
3.00
33. 1 6933"
•• The mean difference is significant at the .05 level.

Std. Error
3. 59924
3.59924
4. 1 5604
3.59924
3.59924
4. 1 5604
3.59924
3.59924
4. 1 5604
4. 1 5604
4. 1 5604
4. 1 5604
3.59924
3.59924
4. 1 5604
3.59924
3. 59924
4. 1 5604
3.59924
3.59924
4. 1 5604
4. 1 5604
4.1 5604
4. 1 5604

Sia.

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000
.000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

95% Confidence Interval
Uooer Bound
Lower Bound
·34.21 54
·1 3.2926
-49.8466
-70.7694
· 1 05.5572
·81 . 3975
1 3.2926
34.2154
-47.0154
-26.0926
-57.6435
-81 .8032
49.8466
70.7694
47.01 54
26.0926
-45.2492
-21 .0895
81 .3975
1 05.5572
81 .8032
57.6435
45.2492
21 .0895
·34.7993
·12.7087
·49.2627
•71 .3533
-80.7234
-106.2313
34.7993
1 2.7087
·25.5087
-47.5993
-56.9694
-e2.4n3
49.2627
71 .3533
47.5993
25.5087
-45.9233
-20.41 54
80.7234
106.231 3
82.4773
56.9694
20.4154
45.9233

Figure 5-3: Bonferroni and Tukey adjustment to impact speed group data with respect to
damage area.
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Mann-Whitney Test
Ranks
Damage_Area

N

Speed
1 .00
2.00
Total

Mean Rank
3.00

5

5
10

8.00

Sum of Ranks
1 5.00
40.00

Test Statisticsb
Mann-Whitney U
Wilcoxon W

z

Damaoe Area
.000
1 5.000
-2.61 1

Asymp. Sig. (2-tailed)
Exact Sig . [2*(1 -tailed
Sig . ))
Exact Sig. (2-tailed)
Exact Sig. ( 1 -tailed)
Point Probability
a. Not corrected for ties.
b. Grouping Variable: Speed

.009
8

.

008

.008
.004
.004

Figure 5-4: Mann-Whitney U-test between 2 mph and 4 mph damage areas.
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Mann-Whitney Test
Ranks

Damage_Area

N

Speed
1 .00
3.00
Total

Mean Rank
3.00
8.00

5
5
10

Sum of Ranks
1 5.00
40 . 00

Test Statisticsb

Mann-Whitney U
Wilcoxon W

z

Damage Area
.000
1 5.000
-2.61 1
.009

Asymp. Sig. (2-tailed)
Exact Sig. [2*(1 -tailed
Sig.)]
Exact Sig. (2-tailed)
Exact Sig. (1 -tailed)
Point Probability
a. Not corrected for ties.
b. Grouping Variable: Speed

a

.008
. 008
.004

.004

Figure 5-5: Mann-Whitney U-test between 2 mph and 6 mph damage areas.
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Ranks
Damage_Area

N

Soeed
1 .00
4.00
Total

5

3

8

Mean Rank
3.00

7.00

Sum of Ranks
1 5.00
21 .00

Test Statlstlcsb
Mann-Whitney U
Wilcoxon W

Damaae Area

z

Asymp. Sig. (2-tailed)
Exact Sig. [2*(1 -tailed
Sig.) ]
Exact Sig. (2-tailed)
Exact Sig. (1 -tailed)
Point Probability
a. Not corrected for ties.

.000

1 5.000
-2.236
.025

68
. 03
.036
.01 8
.01 8

b. Grouping Variable: Speed

Figure 5-6: Mann-Whitney U-test between 2 mph and 8 mph damage areas.
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The Mann-Whitney U-test continued to show significance between the damage
areas of the other speed ranges as well. For the 4 mph and 6 mph damage areas the p
value was 0.008. This is shown in figure 5-7. For the 4 mph and the 8 mph damage areas
the p-value again rose to 0.036, which is still significant but increased because of the
reduced sample size of the 8 mph tests. This is shown in figure 5-8. For the 6 mph and 8
mph damage areas, the p-value was 0.036, still statistically significant at the 0.05 level
but reduced in strength due to the reduced 8 mph sample size. This result is presented in
figure 5-9.
The end result of this statistical analysis is that the null hypothesis that the means
are equal across impact speed groups is rejected, and that there is a strong statistically
significant relationship between impact speed and damage area.
The next statistical analysis is performed to determine if there is a relationship
between the damage area of the struck vehicle's bumper and the delta-v of the struck
vehicle. Now, instead of simply proving that each speed range produced statistically
significant paint damage area, it is desired to determine if there is a correlation between
the bumper paint damage of the struck vehicle and the delta-v of the struck vehicle.
Observation of the data sets suggests a positive correlation does exist. A Pearson product
moment correlation coefficient test was run on the entire dataset and it returned an R
value of 0.978 at an accompanying p-value of less than 0.00 1. The R-value of 0.978
indicates a very strong positive correlation between bumper paint damage area of the
struck vehicle and the delta-v of the struck vehicle, and the p-value < 0.00 1 indicates that
this result has strong statistical significance at the 0.05 significance level. The r2 value of
0.956 indicates that 95.6% of the variation in the damage area is accounted for by a linear
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Mann-Whitney Test
Ranks
Damage_Area

N

Speed
2.00
3.00
Total

Mean Rank
3.00
8.00

5

5
10

Sum of Ranks
1 5.00
40.00

Test Statlsticsb
Mann-Whitney U
W ilcoxon W

z

Damage Area
.000
1 5.000
-2.61 1
.009

Asymp. Sig. (2-tailed)
Exact Sig. [2*(1 -tailed
Sig .) ]
Exact Sig. (2-tailed)
Exact Sig. (1 -tailed)
Point Probability
a. Not corrected for ties.
b. Grouping Variable: Speed

. 008

8

.008

.004
.004

Figure 5-7: Mann-Whitney U-test between 4 mph and 6 mph damage areas.
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Mann-Whitney Test
Ranks

Damage_Area

N

Speed
2.00
4.00

Total

Mean Rank
3.00
7.00

5
3
8

Sum of Ranks
1 5.00
21 .00

Test Statisticsb

Mann-Whitney U
Wilcoxon W

z

Damaoe Area
.000
1 5.000

Asymp. Sig. (2-tailed)
Exact Sig. [2*(1 -tailed
Sig.) ]
Exact Sig. (2-tailed)
Exact Sig. (1 -tailed)
Point Probability
a. Not corrected for ties .
b. Grouping Variable: Speed

-2.236

.025

8

. 036
.036
.01 8
.01 8

Figure 5-8: Mann-Whitney U-test between 4 mph and 8 mph damage areas.
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Mann-Whitney Test
Ranks

Damage_Area

N

Speed
3.00
4.00

Total

Mean Rank
3.00

5
3
8

7.00

Sum of Ranks
1 5.00
21 .00

Test Statisticsb

Mann-Whitney U
Wilcoxon W

z

Damage Area
.000
1 5.000
-2.236
.025

Asymp. Sig. (2-tailed)
Exact Sig. [2*(1 -tailed
Sig.) ]
Exact Sig. (2-tailed)
Exact Sig. (1 -tailed)
Point Probability
a. Not corrected for ties.
b. Grouping Variable: Speed

8

.036

.036
.01 8
.01 8

Figure 5-9: Mann-Whitney U-test between 6 mph and 8 mph damage areas.
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relationship with struck vehicle delta-v. The output of the correlation test is presented in
figure 5-10.
The underlying assumption of the Pearson test is that the data set is normally
distributed. To check the results of the Pearson correlation against the possibility that the
distribution of the struck vehicle delta-v data is not normally distributed the data sets
were analyzed using Spearman's rho correlation coefficient procedure. Spearman's rho is
a non-parametric analysis that is robust to non-normality. The result of the Spearman's
rho test was a correlation coefficient of 0.932 at a confidence level of p < 0.001. This
confirms the correlation established by the Pearson test and again shows that bumper
paint damage area is strongly positively correlated with struck vehicle delta-v. The results
of the Spearman's rho test are presented in figure 5-11.
The next analysis of the impact data consists of plotting the relationship between
struck vehicle paint damage, striking vehicle impact speed, and struck vehicle delta-v
within groups and between groups. The mean struck vehicle bumper paint damage area is
plotted against mean striking vehicle impact speed in figure 5- 12. The mean struck
vehicle bumper paint damage area is plotted against struck vehicle delta-v in figure 5- 13.
It was originally intended to investigate the relationships, if any, of paint damage
on the striking vehicle's bumper to the impact speed of the striking vehicle and the struck
vehicle's resulting delta-v. This would have been facilitated by the use of five Mazda
bumpers during the testing, as it was with the use of five Taurus bumpers, with each
impact test being conducted with a freshly painted Mazda bumper. Unfortunately, the
availability of Mazda bumpers in local salvage yards was non-existent, and the back-up
plan of procuring new bumper covers and foam supports from the OEM Mazda parts
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Correlations

DeltaV

Damage_Area

Pearson Correlation
Sig. (2-tailed)
N
Pearson Correlation
Sig. (2-tailed)
N

DeltaV

1

18
"
. 978*
.000

18
**. Correlation is significant at the 0.01 level (2-tailed).

Damage Area
*
. 978*
.000

18
1

18

Figure 5-10: Pearson correlation coefficient test for struck vehicle bumper paint damage
area to struck vehicle delta-v.

Correlations

Correlation Coefficient
Sig. (2-tailed)
N
Correlation Coefficient
Damage_Area
Sig. (2-tailed)
N
... Correlation i s significant at the 0.01 level (2-tailed).

Spearman's rho

DeltaV

DeltaV
1 .000
18

. 932 *

.000
18

DamaQe Area

. 932*

"

.000
•

18

1 .000

18

Figure 5-11: Spearman's rho correlation coefficient test for struck vehicle bumper paint
damage area to struck vehicle delta-v.
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Struck Vehicle Bumper Paint Damage Area vs.
Striking Vehicle Impact Speed
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Figure 5-12: Mean struck vehicle bumper paint damage area plotted against striking
vehicle impact speed.
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Struck Veh icle Bu mper Paint Damage Area vs .
Struck Veh icle Delta-V
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Figure 5-13: Mean struck vehicle bumper paint damage area plotted against struck
vehicle delta-v.

314

dealer network was not successful. The reasons for the lack of availability of new OEM
Mazda bumpers was never learned, but even though four Mazda bumper covers had been
ordered, only one bumper cover was received by mid-January of 2006. The end result
was that only two Mazda bumper covers were available for testing. At the time the
second bumper cover arrived, the first set of 2 mph impact tests had already been
completed. At the delivery of the second bumper cover the Mazda dealer said it was
likely that a third cover might become available at a later date, but after the second
Mazda bumper cover had been painted and used in the 4 mph testing, the Mazda dealer
disclosed that it could not deliver another bumper cover at any time in the foreseeable
future. The decision was made at that time to sand and repaint the first bumper cover that
had been subject to the 2 mph testing for the 6 mph testing, and to sand and repaint the
bumper cover that had been subject to the 4 mph impacts for the 8 mph impacts.
The result of the Mazda bumper fiasco was that any relationship between striking
vehicle bumper paint damage and striking vehicle impact speed or struck vehicle delta-v
would be based on only one single test at each impact speed. While the results of such
testing might be indicative of a greater number of tests, there is no way to statistically
verify the results of such testing based on a sample size of one. Any such results might be
interesting from an anecdotal standpoint but are not rigorous enough to stand up to the
level of confidence required for scientific conclusion. As such, no formal analysis of
Mazda bumper paint damage will be presented with respect to striking vehicle impact
speeds or struck vehicle delta-v.
One observation of the paint damage on the Mazda bumper was that it did show
the characteristic radial cracking that was observed on countless other bumpers the author
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has repaired in actual practice. This cracking is also one of the motivations for the
existence of this dissertation, even though as the testing progressed it was found that the
cracking was not as significant as clearcoat paint damage from the other vehicle's
bumper. It was observed that this radial cracking tended to increase during repeated
impacts within impact speed ranges, but again, any analysis would consist of a sample
size of one, rendering any statistical analysis useless. This radial cracking will be
discussed in the concluding portion of this dissertation and photos of the cracking will be
presented, but the primary results of this testing consist of the different areas of paint
damage that arose from the surface texture of the impacting bumper leaving a distinctly
different surface pattern on the struck bumper. This pattern was then plainly observed on
both the striking and struck vehicle bumpers when powdered guidecoat was applied.
The relationships between bumper paint damage on the struck vehicle, striking
vehicle impact speed, and struck vehicle delta-v have been verified by statistical analysis.
The interpretations of the relationships are discussed in the next chapter.
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PART III
SUMMARY AND CONCLUSIONS
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CHAPTER l

Interpretation of Results

The research that was proposed for this dissertation was designed to determine if
a reliable correlation could be made between bumper paint damage and closing speed and
delta-v for two vehicles involved in a low speed collinear rear impact. The result of the
work is the establishment of such a correlation in a controlled setting. Any extension of
this research to real world application requires that several caveats be acknowledged.
Some discussion of the measuring of paint damage area is required. It is vital that
the person doing the analysis must understand and be able to recognize the different types
of paint defects that can be found on any given bumper. Only education and firsthand
experience can provide the foundation of knowledge that this necessitates. Dry spray,
orange peel, mud cracking, sags, runs, fisheyes, halos, sand scratches, pinholes, ghosting,
overspray, hazing, surface imperfections, and dust nibs are examples of paint defects that
can occur during the painting process. These items are different from paint damage that
occurs from exposure to environmental factors, which includes scuffs, scrapes, swirls,
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scratches from sanding and buffing, acid rain etching, stone chips, lifting (delamination),
peeling from UV light exposure, and cracking from impact. The bumpers used in this
testing are analogous to bumpers on brand new automobiles that have not been exposed
to previous damage, regardless of severity. The only real-world environmental exposure
these test bumpers experienced was being washed with a cloth mitt and Armor-All car
wash and dried with a cotton cloth towel prior to impact. Even in this pristine state,
however, the application of powdered guidecoat revealed several paint abnormalities that
were not caused by the impact.
The unique application of powdered guidecoat to illuminate the paint damage
worked well and made the paint damage easy to see, but it also illuminated every other
surface inconsistency that was on the bumper. In the first analysis of the bumpers
subjected to the 2 mph impacts it was initially not entirely clear what was paint damage
from impact and what were simply smudges of oil from human skin and fingerprints and
handprints. In light of this uncertainty, every abnormality was recorded in the 2 mph and
4 mph tests, and it was only after the 6 mph impact had been conducted that the damage
from the Mazda bumpers of all speeds was discerned, and other artifacts could be
dismissed. The corollary to this description of damage analysis is that only paint damage
unquestionably attributable to the impact of the Mazda bumper was recorded. The
artifacts of smudges and fingerprints and occasional small patches of scratches and scuffs
from handling that were not clearly identifiable as damage from impact were not included
in the measured paint damage area. The differentiation of the impact damage was obvious
after seeing the damage patterns from different speed ranges, but it would not be obvious
to an individual who had not had this experience.
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The application method of the powdered guidecoat on the bumper also required
some experimentation. The guidecoat powder is made up of finely ground graphite,
limestone, and carbon particulates. The powder is applied using a foam tamp. The tamp is
held against the plastic tub containing the powder and turned upside down a few times.
Powder spills through slots in the container onto the tamper, then the unit is righted and
the tamp is pressed onto the desired surface. The best contrast of surface abnormalities
was achieved, however, not by tamping the powder on the paint but by lightly rubbing
the foam pad across the paint and then blowing the excess powder off. The pad should be
lightly rubbed across the paint as many times as necessary to obtain a uniform color as
the powder works itself into the surface microstructure of the paint. The term
microstructure as used here does not refer to the polymer chains but rather the small
surface irregularities that are too small to differentiate even with the guidecoat. This is a
process best learned by experience, as too much powder rubbed on too hard will
eventually obscure the paint damage area as well. The powder also does not remove
easily from the bumper. It does not wash completely off with soap and water, because the
individual particulates are so fine that they apparently mechanically embed in the surface
finish that exists even in glossy clearcoat. This is the same characteristic that renders the
material so useful in identifying paint damage, but the only way to remove it is by
rubbing the paint hard with a clean towel, and even with this it was not possible to
completely remove all areas of the guidecoat. Care should also be taken around electronic
devices, as the powder is so fine that it aerosolizes easily.
The issue of the applicability with respect to color contrast is another caveat to be
addressed. The bumpers were painted white in this testing so that the highest possible
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degree of contrast between paint damage and undamaged areas could be obtained. It is
anticipated that the black powdered guidecoat would be effective on any light color of
paint, including pearls and metallics, although further testing should be carried out to
confirm this before extrapolating these results to bumpers other than white. For dark paint
colors, white guidecoat should be used. It is possible that talcum powder or titanium
dioxide powder could be used as white guidecoat, but in any case regarding the use of
white guidecoat to illuminate paint damage on a dark paint color, caution should be
exercised until further testing can again be carried out to confirm that the methodology is
valid in that application as well. The optimum methodology in actual practice would be
to obtain exemplar vehicles and paint the bumpers the same colors as those of the subject
vehicles and conduct controlled tests, but this will be discussed in more detail in the next
chapter.
The shape of the bumpers involved in the impact may also affect the paint damage
area as well. Even though the face heights of the Mazda front bumper and the Taurus rear
bumper lined up reasonably well in static placement, during the actual impact the Mazda
bumper was observed to underride the Taurus bumper. The flat vertical face of the Mazda
bumper impacted the flat vertical face of the Taurus bumper in the first contact, but then
as the Taurus bumper compressed, the underside curvature seemed to deflect the face of
the Mazda bumper lower. The Mazda bumper also elastically deformed during the impact
and conformed to the shape of the Taurus bumper, which resulted in the characteristic
compression of the top of the Mazda bumper foam support more than the bottom. As the
impact speeds increased the underride became deeper, until at the 8 mph impacts the
Mazda emblem in the grill of the Mazda was chipping the paint off of the Taurus bumper.
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Other research has shown that the phenomena of underride occurs in low speed impacts
even between vehicles that have perfectly matched vertical bumper faces and that this
underride increases as closing speeds increase. The phenomenon of underride is also
likely to occur in real-world collisions as well if the striking vehicle is braking before and
during impact and the nose of the striking vehicle decreases in height. If the struck
vehicle is braking hard as well, the rear of the struck vehicle is also likely elevated higher
than normal, and the end result is the increased likelihood of underride during the
collision.
Apart from underride, the paint damage area appears to be a function of the
contact surface area of the bumpers as they elastically deform and compress together
during the impact sequence. This elastic deformation is significant. Still images from the
video footage of one test from each of the impact speed groups are presented next, and
the deformation can be compared between them.
The impact sequence for Test 5 of the 2 mph impacts is shown in figure 1-1,
figure 1-2, figure 1-3, figure 1-4, and figure 1-5.
The impact sequence for Test 8 of the 4 mph impacts is shown in figure 1-6,
figure 1-7, figure 1-8, figure 1-9, and figure 1- 10.
The impact sequence for Test 14 of the 6 mph impacts is shown in figure 1-1 1,
figure 1- 12, figure 1- 13, figure 1- 14, figure 1- 15, and figure 1- 16. The impact sequence
for Test 17 of the 8 mph impacts is shown in figure 1- 17, figure 1- 18, figure 1- 19, figure
1-20, figure 1-2 1, figure 1-22, and figure 1-23. The increasing deformation of the
bumpers is evident, as is the apparent bumper surface contact area.
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Figure 1-1: Mazda approaching Taurus and beginning to make contact at 2.4 mph.

Figure 1-2: Beginning of impact with light bulb illuminating at 2.4 mph.
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Figure 1-3: Maximum deformation at 2.4 mph.

Figure 1-4: Beginning of vehicle separation after 2.4 mph impact.
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Figure 1-5: Further vehicle separation and end of deformation at 2.4 mph impact.
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Figure 1-6: Mazda approaching Taurus and beginning to make contact at 4.1 mph.

Figure 1-7: Approaching maximum deformation at 4.1 mph impact.
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Figure 1-8: Maximum deformation at 4. 1 mph impact.

Figure 1-9: Vehicles beginning to separate from 4. 1 mph impact.
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Figure 1-10: Further vehicle separation after 4.1 mph impact.
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Figure 1- 1 1: Mazda approaching Taurus at 5.9 mph.

Figure 1- 12: Initial contact and bulb illumination at 5.9 mph.
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Figure 1-13: Approaching maximum deformation of bumpers at 5.9 mph impact.

Figure 1- 14: Maximum deformation at 5.9 mph impact.

331

Figure 1-15: Beginning of vehicle separation after 5.9 mph impact.

Figure 1-16: Separation of vehicle after 5.9 mph impact.
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Figure 1-17: Impending 8.1 mph impact of Mazda to Taurus.

Figure 1-18: Initial contact of Mazda to Taurus at 8.1 mph.
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Figure 1-19: Approaching maximum bumper deformation from 8. 1 mph impact.

Figure 1-20: Maximum deformation at 8. 1 mph impact.
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Figure 1-21: Beginning of vehicle separation after 8.1 mph impact. Note light bulb.

Figure 1-22: Further vehicle separation. Note increasing speed of Taurus.
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Figure 1-23: Complete separation of vehicles after 8.1 mph impact.
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It could be argued that the compression will result in a flattening out of the foam
supported flexible plastic bumper faces so that a similar contact surface area will be
maintained for a similar force of impact, which equates to a similar closing speed at
impact if the vehicle weights are similar as well. This scenario would discount the
importance of specific bumper shape, and the results of the testing in this dissertation
would have wider applicability. It could also be argued that bumper shape does affect the
contact surface area to a significant degree and that bumpers with less of a vertical face
and more compound curves will sustain less contact surface area than two plain bumpers
of similar construction with greater vertical faces. Given the elastic deformation observed
in this testing, there is likely some aspect of both scenarios present during a given
collision. The only rectification is to identify the sensitivity of these two arguments by
conducting more low speed rear impacts with these different types of bumpers and
determine what the nature of the relationship truly is (another area for further research).
Until that time, extrapolation of the results in this testing to low speed rear impacts
involving vehicles with substantially different bumper shapes should be used with
caution.
This discussion of bumper shape also applies to the location of the license plate
recesses. There are two major types of rear bumper designs in use with respect to license
plate recesses. One type incorporates the license plate recess into the middle of the
bumper, as in the Ford Taurus of 1996 to 1999 used in this testing. This results in the
majority of the impact being spread out across the right and left sides of the bumper, with
the bumper of the impacting vehicle nosing into the license plate recess. As impact
speeds increase, the license plate in the recess of the struck vehicle begins to imprint onto
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the portion of the striking vehicle's bumper that is protruding into the recess. Also, the
edges of the license plate recess begin to leave a shallow vertical line indentation in the
actual plastic bumper cover of the striking vehicle. This shallow vertical line indentation
can also be used to reconstruct the degree of collinearity the vehicles possessed during
the impact.
The other major type of rear bumper shape is that where there is no recess
provided for a license plate and the rear bumper face is one continuous surface. In this
case the license plate is usually mounted on the rear vertical face of the decklid. An
example of this is the Ford Taurus of 2000 to 2004. Again, the caveat here is that the
results in this dissertation should be applied with caution to real-world impacts involving
a vehicle with rear bumper that does not have a license plate recess. It may be that the
contact surface area between the bumpers will be a fixed value for a given impact speed,
i.e., the additional surface are of a non-recess bumper would serve to elastically deform a
similar amount as that of the sides of a rear bumper with a license plate recess, thus
resulting in a similar amount of paint damage area for the same impact speed.
Conversely, it may be that the continuous bumper face would result in more surface
contact area, and perhaps more paint damage area, than a recessed bumper for the same
impact speed. This is yet another area for further research.
In cases where the vehicle does have a license plate recess and the license plate of
the struck vehicle contacts the bumper of the striking vehicle, it was observed that the
license plate began leaving impressions of the numbers on the plate in the surface of the
striking vehicle's bumper. These impressions became deeper and increased in surface
area as the impact speeds increased. The lack of Mazda bumpers prevents a statistical
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analysis from being performed, but the effect was objectively observed as seen by the
imprint from the 6 mph impact in figure 1 -24 and by the 8 mph imprint seen in figure 1 25.
The damage to the license plate also appeared to be related to impact speed,
although this is strictly a subjective observation and no metric was collected to attempt to
quantify this. The license plate was not contacted by the striking vehicle's bumper in the
2 mph testing, as seen in figure 1 -26, but the bottom edge of the plate was seen to be bent
slightly after each of the 4 mph impacts as seen in figure 1 -27 and figure 1 -28.
A different plate was used for the 6 mph and 8 mph imp�cts, and the damage was
noticeably more severe than the 4 mph impacts, although no discemable difference
existed between the damage on the 6 mph plate and the 8 mph plate. At the 6 mph and 8
mph impacts the license plate was warped and bent mainly along the bottom third of the
metal. A photograph of the 6 mph plate after the first impact in Test 1 1 is provided in
figure 1 -29. The license plate is shown after all five of the 6 mph impacts in figure 1 -30.
The 8 mph plate is shown in figure 1 -3 1 after the first 8 mph impact in Test 1 6, and the
plate is shown in figure 1 -32 after all three 8 mph tests have occurred.
The minimal differential damage to the license plates for all four speed ranges,
although noticeably different in these controlled tests, was not decided to be enough to
objectively measure in actual application. As such it should be used mainly as a check for
a preceding analysis that is based on measured paint damage contact area and other
objectively noted features as described in the complete fascia damage scales that are
found at the end of this work in Chapter 2 of Part III. In cases of greater license plate
damage than that observed here, however, the closing speed is likely over 8 mph.
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Figure 1-24: Impression in Mazda bumper from Taurus license plate after the first 6 mph
impact. Note the vertical lines on the impressions that match up with the raised stampings
on the Taurus plate.
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Figure 1-25: Impression in Mazda bumper from Taurus plate after the first 8 mph impact.
Although the contrast is more evident in figure 1-24, the impressions are deeper from this
impact. The curvature of the numbers on the Taurus plate can be seen in this impact,
whereas they were not as obvious in the 6 mph impact.
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Figure 1-26: License plate of Taurus after a single 2.6 mph impact. No damage noted.
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Figure 1-27: Taurus license plate after the first 4 mph impact test. Note slight bending
outward on lower left bottom half of plate.

Figure 1-28: Close-up of plate bending from the first 4 mph impact test.
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Figure 1-29: Deformation of Taurus license plate after the first 6 mph impact test.

Figure 1-30: Deformation of Taurus plate after all five 6 mph tests. No further readily
apparent deformation is noticeable.
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Figure 1-31: Deformation of Taurus plate after one 8.3 mph impact.

Figure 1-32: Deformation of Taurus plate after all three 8 mph impacts. No further
damage is apparent.
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Observations on Grouped Impacts

The strongest observation of all of the impacts for each speed group was that they
were subjectively harsher and more violent than anticipated.
The impacts in the 2 mph speed group were not jarring, but they were also not
gentle. The mean energy carried by the Mazda into the impact was 8 18 ft-lbs. The mean
duration of the impacts was 0.2 1 1 seconds (Sx = 22.75 ms) and the calculated level of
negative acceleration for the Mazda was 0.38g and the positive acceleration for the
Taurus was 0.43g. This is approximately equal to hard braking in the Mazda, but the level
of acceleration in the Taurus is greater than can be achieved in wide open throttle
acceleration (approximately 0.3g). The impact was not severe enough to jostle the
occupant of the striking vehicle and it did not result in the occupant of the striking vehicle
losing control of the steering wheel. The paint damage to the Taurus bumper from the
impact was very minor, consisting mainly of scuffing around the edges of the license
plate recess and very minor scuffing and a few cracks at each far end of the Taurus
bumper face on the right and left sides. This cracking is the same as that witnessed in
anecdotal experience. It is thought that the crack damage observed here and on other
flexible painted bumpers results from those areas being the "edge" at which the
deformation of the flexible plastic bumper cover bends as it is compressed and flattened
by the impact of the Mazda. Photographs of examples of these cracks are found from
TB5 in figure 1-33 and from TB4 in figure 1-34. The entire bumper of TB5 and TB4
showing the location of the damage is shown in figures 1-35 and 1-36, respectively.
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Figure 1-33: Crack on right side of TBS from one 2.6 mph impact. Similar cracks and
some small scuff areas were found on the other 2 mph group bumpers as well.

Figure 1-34: Crack on left side of TB4 from one 2.7 mph impact.
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Figure 1-35: Photo showing location of damage on TBS from one 2.6 mph impact.

Figure 1-36: Photo showing location of damage on TB4 from 2.7 mph impact.
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The foam support of the Taurus was not found to exhibit any damage from impact
whatsoever in the 2 mph impacts. A photograph of the foam support after all five 2 mph
impacts is shown in figure 1 -37.
The paint damage to the Mazda bumper after the first 2 mph test was not evident
until powdered guidecoat was applied to the paint surface. The bumper after this impact
but before the guidecoat was applied is shown in figure 1 -38. Shallow vertical line
impressions were observed on the front flat vertical face of the Mazda bumper that
corresponded to the edges of the license plate recess of the Taurus. These lines can be
seen in figure 1 -39. The offset of the Mazda to the center of the Taurus can also be seen.
This prompted the use of the contact plate and tape indicators in the rest of the impacts
that enabled the impacts to be within 2.5" of vehicle centerlines.
No radial cracking was evident on the Mazda bumper after the first three impacts
but at the fourth 2 mph impact there was a very small area of radial cracking noticeable
on the driver's side of the Mazda's top bumper face at the same horizontal location as the
shallow vertical line impressions appeared on the front face. This is shown in figure 1 -40.
The importance of the powdered guidecoat in making these impressions
observable is difficult to overstate. Observation of the uncoated bumpers after impact
often showed no discemable damage at all, and cracks were only noted after the
guidecoat had been applied. The foam support directly behind these impressions showed
compression, but this was deepest at the top of the foam and decreased in depth as it
reached the bottom of the foam. This gradient of foam depression actually matches the
curvature of the lower part of the Taurus bumper at the edges of the license plate recess.
This is shown in figure 1 -4 1 and figure 1 -42.
349

Figure 1-37: Taurus foam support after the 2 mph impact testing. No damage noted.
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Figure 1-38: Mazda bumper after one 2.6 mph impact before guidecoat is applied.

Figure 1-39: Mazda bumper after the same 2.6 mph impact with guidecoat applied. Note
offset of impact. All other tests were within 2.5" of center.
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Figure 1-40: Small area of radial cracking that appeared on the top left surface of the
Mazda bumper after the fourth 2 mph impact. The location was approximately in line
with and above the shallow vertical depression on the Mazda bumper's face.
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Figure 1-41: Front face of Mazda bumper foam support after all five 2 mph impacts. Note
the depressions on the left and right sides of the bumper, and note the offset of the
impressions from the center of the Mazda as indicated by the gap between the foam. The
measurements written on the foam indicate the depth of the foam depression at that
location. Also note the gradient of the deformation as it is deepest at the top of the foam
and becomes shallow towards the bottom.
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Figure 1-42: Top view of Mazda bumper foam support showing the depth of damage and
the offset from center. Again, after corrective measures were taken, this large offset did
not occur for any of the other seventeen impacts tests.
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The impacts in the 4 mph group were noticeably jarring and can almost but not
quite fully be described as violent. The mean energy carried into the impact by the Mazda
was about 2082 ft-lbs, an increase of 2.5 times more than the energy carried into the 2
mph impacts (the reason the energy is not increased four-fold is that the mean impact
speed of the 2 mph group was actually 2.5 mph, not 2 mph, and the mean impact speed of
the Mazda in the 4 mph group was actually slightly less than 4 mph). The mean duration
of the 4 mph impacts was 0.174 seconds (Sx = 18.17 ms). The calculated negative
acceleration of the Mazda was 0.75g and the calculated positive acceleration of the
Taurus was 0.83g. These figures are approximately twice those of the acceleration levels
in the 2 mph impacts. The level of negative acceleration in the Mazda was enough to
physically move the occupant around in the seat, but not to a significant level where
control of the steering wheel or the vehicle itself was affected. The impacts were
noticeably harsher than the 2 mph impacts but only minimal bracing was needed prior to
impact to ensure control was still held over the Mazda after impact.
The damage to the Taurus bumper was more obvious than that of the 2 mph
impacts, but only after the powdered guidecoat was applied did the damage stand out. It
was at the 4 mph impacts that the characteristic "wing" pattern of the Taurus bumper
paint damage began to appear on each side of the license plate recess, but it was very,
very faint and only observable after a light application of powdered guidecoat. On closer
inspection the wing-shaped damage pattern appeared to be caused by the surface texture,
or orange peel, of the striking Mazda bumper. Both the Taurus and the Mazda had similar
orange peel surface textures, but during impact, the surface texture of the Mazda changes
the surface texture of the Taurus so that a faint demarcation is evident when powdered
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guidecoat is applied. This demarcation represents the boundary of the surface contact
area between the Mazda bumper and the Taurus area. One error that was made as a result
of the learning process was the application of too much guidecoat applied too vigorously,
which then decreased the contrast of the wing-shaped damage pattern as the guidecoat
acted as a filler material on the paint surface. Unfortunately this occurred before
photographs of the damage patterns had been made, so the result was that the decreasing
contrast damage patterns are difficult to recognize in the photographs that were taken.
This is yet another reason that the application of this method to real-world bumpers
should be approached with caution by investigators who have not experienced the
application procedure firsthand in a controlled setting. A photograph of the entire bumper
and this wing-shaped area is presented in figure 1-43, and a close-up of the area on the
left side is shown in figure 1-44. It should be noted that this was the first 4 mph test, and
the Mazda bumper did not have guidecoat on it from a prior test because none had been
conducted yet. The appearance of the damage area without the additional contrast that is
provided by the striking Mazda bumper already having had an application of guidecoat is
remarkable and validates the use of the powdered guidecoat to bring out paint damage
area that is otherwise unobserved.
The damage pattern at this point roughly equaled the other crack areas on the far
sides of the bumper faces. It was decided that this wing-shaped area was much more
readily recognizable and quantifiable than the crack areas at the ends of the bumper faces
were, and as such a decision was made to record only the damage area of the wing
shaped regions but to incorporate the existence of the crack area in the final fascia
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Figure 1-43: Photograph of TB1 after the first 4 mph impact. The faint outline of the
contact paint damage area from the impression of the Mazda bumper is evident on both
sides of the license plate recess.
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Figure 1-44: Close-up of paint damage area on left side of TB1 after the first 4 mph
impact. The outline is faint but undeniably observable. As the impact speeds increased,
the contrast increased as well. It should be noted that attempting to rub the guidecoat on
harder or more vigorously will result in the powder filling the different surface texture
and decreasing the contrast.

358

damage scale that is the output of this dissertation. It is thought that the crack damage on
the far ends of the bumper result from those areas being the "edge" at which the
deformation of the flexible plastic bumper cover bends as it is compressed and flattened
by the impact of the Mazda. This bending can be seen in the 4 mph impact sequence
shown previously.
An increase in paint cracking was also found on the face of the Taurus on both far
ends of the bumper, but this was not included in the paint damage area measurement
because it was not consistent or objective enough across all of the impacts. This cracking
was not included in any of the 6 mph or 8 mph damage areas for the same reasons. This
cracking was roughly in the same location as the fewer cracks found in the 2 mph
impacts. An example of this cracking is shown in figure 1-45.
More pronounced scuffing on the edges of the Taurus license plate recess was
noted, as was slight bending of the bottom edge of the license plate itself. This scuffing
was not included in the paint damage area measurement because it was too subjective to
measure.
It was also at this point that the emblem of the Mazda began to leave an
impression on the paint of the Taurus bumper as the grill made contact with the Taurus
bumper during maximum elastic deformation. This impression was not noticeable
without the guidecoat being applied. An example of this impression is shown in figure 146.
There was also no damage whatsoever to the foam support of the Taurus bumper
from any of the 4 mph impacts. The Taurus bumper foam support is shown in figure 147, figure 1-48, and figure 1-49 after all of the 4 mph tests had been conducted.
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Figure 1-45: Palm-sized cracking on left side of TB3 after a 4 mph impact test. As
mentioned, this was not included in the measured paint damage area because it was too
variable and too subjective to interpret on the 6 mph and 8 mph tests as well. The
cracking was located in roughly the same area as the cracks observed in the 2 mph
bumper group. The cracking was recorded for the 2 mph group because it was the only
observable damage that was definitively attributable to the 2 mph impacts.
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Figure 1-46: Impression of Mazda emblem on TB1 after a 4 mph impact. This impression
was not noticeable without application of the guidecoat.
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Figure 1-47: Left side of Taurus bumper foam support after the final 4 mph impact. There
was no damage noted to any part of the foam. This bumper support is the same one as
used in the 2 mph impacts, and was the same one used for the 6 mph and 8 mph impacts
as well.
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Figure 1 -48: Center of Taurus bumper foam support after the final 4 mph impact.

Figure 1 -49: Right side of Taurus bumper foam support. No damage noted.
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The Mazda bumper demonstrated radial cracking on the top horizontal surface
after the first 4 mph impact. This radial cracking was in the same location as the radial
cracking that appeared after cumulative 2 mph impacts but was larger in area. It was also
present on both sides of the Mazda bumper at this impact speed.
The crack area on the Mazda bumper did appear to increase as the number of
impacts increased. The paint damage area is provided in the raw data tables in chapter 5
of Part II. The paint damage area of the Mazda bumper is incomplete for some impacts.
This is due partly to the decision to discount the data it would provide because of the
limited number of Mazda bumpers available, and also due to oversight in data collection
between subsequent impacts. The apparent increase in cumulative damage is shown in
figure 1-50, figure 1-51, and figure 1-52.
The Mazda bumper also exhibited paint damage that resembled the wing-shaped
areas on the Taurus. The damage area recorded in the raw data tables, however, is the
combination of this paint damage area and the area of the cracking that was evident on
the top face of the Mazda bumper. In the case of the Taurus paint damage area only the
paint damage from contact surfaces was recorded in the raw data tables and the crack
area on the ends of the Taurus bumper were not included in the raw data paint damage
area measurement.
The foam support of the Mazda bumper showed increased compression by the end
of the 4 mph impacts, presented in figure 1-53 and figure 1-54. The weakest part of the
foam supports in the area of contact with the Taurus license plate recess had also cracked
nearly all the way through the thickness of the foam piece on both sides. This is seen in
figure 1-55 and figure 1-56.
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Figure 1-50: Mazda radial cracking on the right top side (driver's position) after the first
4 mph impact.

Figure 1-51: Same radial cracking location after the second 4 mph impact.
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Figure 1-52: Same radial cracking location after all five 4 mph impacts.
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Figure 1-53: Left side (driver's view) of Mazda foam after all five 4 mph impacts. Note
compression area is shifted to the right and is closer to center.

Figure 1-54: Right side of Mazda foam after all five 4 mph impacts.
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Figure 1-55: Crack in left side of Mazda foam.

Figure 1-56: Crack in right side of Mazda foam.
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The final observation of the 4 mph tests is that the fit of the Mazda bumper
became slightly out of place by the fifth impact. The panel gaps of the sides of the
bumper to the front fender had increased about 3/16" and it was noticeably more difficult
to line up the mounting holes in the top of the Mazda bumper with the mounting bracket
on the top of the bumper reinforcement. This is attributable to the reinforcement bar
bracket being bent backwards during the cumulative impacts. This bar was bent back into
shape for the 6 mph and 8 mph tests, although the bumper fit was still difficult to achieve
during the installation for these impacts as well. This panel gap is presented in figure 157.
The 6 mph impacts were again noticeably harsher and more violent than those of
the 4 mph impacts even thought the velocity was only increased by 2 mph and not
doubled. Subjectively, this is also where the biggest perceived difference in harshness
and violence existed between all of the adjacent speed group perceptions. Even though
the 8 mph impacts were noticeably more violent than the 6 mph impacts and contained a
corresponding greater amount of initial kinetic energy, the greatest perceived difference
in violence was between the 4 mph and 6 mph impacts. The initial kinetic energy the
Mazda carried into the system was 4339 ft-lbs for the 6 mph impacts. The mean duration
of the impacts was 154 ms (Sx = 15.17 ms). The mean negative acceleration of the Mazda
was 1.22g and the mean positive acceleration of the Taurus was 1.32g. The attribution of
the biggest subjective difference in harshness as occurring between the 4 mph and 6 mph
impacts may partially be explained by the fact that it is in the 6 mph impacts that an
acceleration greater than that of gravity is first experienced. The net effect of this is a
more noticeable displacement of the occupant in the striking vehicle, as the gravitational
369

Figure 1-57: Panel gap between right side of Mazda bumper and lower leading edge of
right front fender after all five 4 mph impact tests. The left side also had a similar gap.
The underlying framework was straightened back out for the 6 mph tests and the 8 mph
tests.
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force pulling the occupant down onto the seat of the Mazda is now less than the
accelerative force of the occupant's body continuing forward as the Mazda vehicle itself
changes velocity during the impact. This is not the same as the frictional force the
occupant feels that opposes his motion in the seat, which as a proportion of the normal
force exhibited by the occupant was exceeded in the 4 mph impacts as evidenced by the
"jostling" of the occupant in those 4 mph impacts.
The net result of this increased forward acceleration of the occupant's body in
accordance with Newton's first and second laws was a physical demonstration of
Newton's third law, when the unbelted occupant (evidently still as obtuse as in his earlier
undergraduate days by not wearing a seatbelt) was thrown forward at impact and whose
forehead impacted the rear edge of the rigid sunvisor and headliner of the Mazda with
considerable force. The equal and opposite reactive force on the occupant's forehead
broke the skin and left a visible dermatological bruise known colloquially as "road rash"
in the crash reconstruction vernacular. This kinetic circus act was experienced only
during the first of the five 6 mph impacts, as the occupant then wisely chose to wear the
3-point seatbelt restraint for the rest of the 6 mph and 8 mph impact tests. It is likely that
this experience also contributed somewhat to the perception of greatest increased
violence between the 4 mph and 6 mph impacts.
The occupant also found that it was necessary to brace himself much more rigidly
in order to prevent being knocked around during the 6 mph impacts, even with the
addition of the 3-point seatbelt.
It was initially feared that the 6 mph impacts might damage the Taurus bumpers
beyond repair, thus necessitating the acquisition of five more Taurus bumper assemblies.
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This fear turned out to be unfounded, as the Taurus bumper structure proved incredibly
resilient to the increased energy of the 6 mph impacts. The flexible plastic bumper cover
was not tom, nor was the foam bumper support damaged in any observable way after the
conclusion of the five 6 mph impacts. This is shown in figure 1-58.
The frame supports of the bumper assembly also did not show evidence of any
compression after the cumulative 6 mph impacts. The right side support is shown in
figure 1-59 and the left side is shown in figure 1-60.
The damage to the paint on the Taurus bumper cover, however, was considerably
more than that observed from the 2 mph and 4 mph impacts. This is reflected in the raw
data and the subsequent statistical analysis of the paint damage area found in the
preceding chapter. Powdered guidecoat was still necessary to contrast the damage area,
but it was during these impacts that the ability to distinguish between impact damage and
other artifacts was attained. The Mazda bumper was being guidecoated after the first
impact to illuminate bumper damage after the initial impact of the 6 mph and 8 mph tests,
and as a result the Mazda bumper transferred a small amount of guidecoat to the Taurus
bumper during the subsequent impacts after the first, but this did not affect the nature of
the paint damage other than making it easier to see after a second coat of powder was
applied. As illustrate in the 4 mph impacts, the paint damage after the first impact was
still observable after the impact of a non-guidecoated Mazda bumper struck the Taurus
bumper. The Taurus bumper from Test 11 is presented in figure 1-61 and figure 1-62 and
the Taurus bumper from Test 12 is presented in figure 1-63 and figure 1-64 so that a
comparison of the two post-impact bumpers from the first 6 mph test and the second 6
mph test can be made.
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Figure 1-58: Taurus bumper foam support after the conclusion of the 6 mph testing. After
15 impacts from 2.6 to 6.0 mph the foam shows no damage at all and was used for the 8
mph tests as well without any damage.
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Figure 1-59: Right bumper assembly support of the Taurus that mounts the bumper
assembly into the rear subframe rails after the 6 mph testing. Note that no movement of
the black line has occurred.

Figure 1-60: Left Taurus bumper assembly support after the 6 mph testing. No
displacement has occurred.
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Figure 1 -6 1 : Paint damage area on the left side of the Taurus bumper after the first 6 mph
impact. The area is faint but still easily measurable.

Figure 1 -62: Paint damage area on the right side of the Taurus bumper after the first 6
mph impact.
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Figure 1-63: Paint damage area on the left side of the Taurus bumper after the second 6
mph impact, when the Mazda bumper had been guidecoated.

Figure 1-64: Paint damage area on the right side of the Taurus bumper after the second 6
mph impact, when the Mazda bumper had been guidecoated.
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The characteristic wing-shaped damage pattern on either side of the Taurus
license plate recess increased in area, but more noticeable was the complete loss of
adhesion of the paint from the license plate recess edge. This is shown in figure 1 -65.
This loss of paint from the recess edge had been observed in some anecdotal experience,
and it was interesting to learn that an impact speed of 6 mph seemed to be the threshold at
which this type of damage occurred. The paint was also chipped off where the Mazda
grill emblem contacted the Taurus bumper. This is shown in figure 1 -66.
An increase in cracking was noted again at the ends of the Taurus bumpers. This
cracking area was approximately the same as that of the 2 mph impacts and in roughly
the same location as the cracks noted in the 2 mph and 4 mph impacts. As mentioned
previously, this crack area on the ends of the Taurus bumper was not included in the paint
damage area of the Taurus bumpers found in the data tables.
The paint damage to the Mazda bumper was in the same location as the paint
damage noted from the 2 mph and 4 mph impacts, but the area of damage from bumper
surface contact and cracking had increased, and these areas overlapped at the 6 mph
impacts. This can be seen in figure 1 -67. There appeared to be a noticeable increase in the
Mazda bumper crack area and paint damage area as the number of tests increased just as
there had been in the 4 mph testing. A photograph of the same side of the Mazda bumper
from Test 1 5 is shown for comparison in figure 1 -68.
One noteworthy observation of the 6 mph impacts is that the license plate on the
Taurus bumper had significant forceful contact with the front face of the Mazda bumper.
The force of this impact was enough to leave the impression of the license plate numbers,
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Figure 1-65: Loss of paint from lower left plate recess edge of Taurus bumper after a 6
mph impact.

Figure 1-66: Loss of paint on Taurus from impact of Mazda emblem. Paint chip is above
the first "2" on the Taurus license plate. The other paint damage to the left of the tape is
also from the Mazda bumper.
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Figure 1-67: Photograph of right side of Mazda bumper after the first 6 mph impact
showing overlap of crack damage and paint contact damage area.

Figure 1-68: Photograph of right side of Mazda bumper after the last 6 mph test. Note
overlap of damage areas.
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which were slightly raised in the stamped steel of the plate, in the actual plastic bumper
of the Mazda. This was presented previously but is mentioned again here for relevance.
The foam supports of the Mazda did not exhibit any further compression but they
did show evidence of further separation at the cracks previously identified at the
conclusion of the 4 mph impacts.
The metal bracket that secured the top of the Mazda bumper cover to the bumper
reinforcement bar was bent rearward slightly after the first 6 mph impact. When the
attaching screw was removed, the upper bracket illustrated the extent of the deformation.
This is seen in figure 1-69. By the last 6 mph impact in test 15, the entire bar had been
measurably displaced rearwards even further. This is shown in figure 1-70.
The fit of the Mazda bumper became progressively worse as the number of
impacts increased. The panel gaps on the ends of the bumper that met the front fenders
opened up to about 0.25" after the first 6 mph impact and were a bit over 5/16" by the
fifth impact. The panel gap after the first 6 mph impact is shown in figure 1-71 and the
panel gap from the last cumulative 6 mph impact is shown in figure 1-72.
The second 6 mph impact also noticeably bent the reinforcement bar at the ends
of the bumper near the front fender leading edges. This in tum resulted in the Mazda
bumper being compressed at the edges, and the flexible plastic bumper cover was
crumpled upward. This became progressively more noticeable as the number of impacts
increased until the final height of the peak of the fold was 5/8". This is shown in figure 173.
The 8 mph impacts were without surprise the most violent, severe, and harsh of
all the impacts conducted. This is in accordance with the initial mean kinetic energy of
380

Figure 1-69: Top view of Mazda bumper cover upper attachment bracket after the first 6
mph impact. Note the displacement on the far right center bracket.

Figure 1-70: Top view of Mazda bumper cover upper attachment bracket after the fifth 6
mph impact. Note increased rearward deformation.
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Figure 1-71: Panel gap between left side of Mazda bumper and lower left leading edge of
Mazda fender after one 6 mph impact.

Figure 1-72: Panel gap between left side of Mazda bumper and lower left leading edge of
Mazda fender after five 6 mph impacts.
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Figure 1 -73: Folding of right top comer of Mazda bumper cove� from rearward
displacement of upper attachment bracket.
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8383 ft-lbs that the Mazda carried into the impacts. The mean duration of the impact was
0.148 seconds (Sx = 22.5 ms) and resulted in a Mazda negative acceleration of 1.72g and
a Taurus positive acceleration of 1.93g. It was necessary to use almost all of the available
elevation distance to accelerate the Mazda to the 8 mph speeds for this series of impacts,
and it also required the strongest bracing position of the Mazda occupant in order to
maintain the proper driving position immediately after impact.
The flexible plastic bumper covers of the Taurus survived all of the 8 mph
impacts without any tears or damage to the plastic cover itself or to the foam support.
The bumper assembly supports connecting it to the vehicle frame also did not
compress or show any signs of damage. The paint damage area was noticeably larger
than that of the 6 mph impacts. This is presented in figure 1-74.
The cracking at the ends of each side of the Taurus bumper was again present, but
this was eclipsed by the paint damage that was evident on the top edge of the Taurus
bumper, just above the license plate recess. This paint damage area was included in the
paint damage area measurement in the raw data tables because it represents the increased
contact area that the 8 mph impact generated. In the case of Taurus being impacted by the
Mazda, the 8 mph threshold was the point at which significant contact was made between
elements of the Mazda's body structure other than the Mazda's bumper. This
phenomenon is also likely to occur in impacts between other passenger vehicles, and the
increased contact of the non-bumper areas of the Mazda reflects this characteristic of the
8 mph impacts. It is an identifying factor that further differentiates bumper damage at this
level of closing velocity. In the 8 mph impacts the Mazda underrode the Taurus bumper
to the extent that the grill of the Mazda contacted the upper portion of the Taurus bumper
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Figure 1-74: Paint damage area of Taurus bumper after one 8. 1 mph impact.
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above the license plate and caused a fair amount of paint damage. The emblem in the
Mazda grill also left an impression in the Taurus paint, as it did in the 6 mph impacts, but
in the 8 mph impacts it also caused the paint to chip off the plastic bumper where it hit. A
photograph of this damage above the license plate recess is presented in figure 1-75.
The peeling of paint from the edges of the Taurus license plate recess was also
larger, and this is seen in figure 1-76.
The paint damage to the Mazda bumper was similar to that of the 6 mph impacts
but the total area of cracking was not measurably different.
The damage to the overall fit of the Mazda bumper was actually more obvious
than the paint damage of the Mazda bumper at the 8 mph impact. The bumper assembly
itself held up remarkably well, but the points at which the flexible plastic bumper cover
attached to the front fenders of the Mazda and the bumper bar reinforcement showed
measurable plastic deformation. This is shown in figure 1 -77.
The panel gaps on the sides of the Mazda bumper adjacent to the front fenders
had opened up considerably more to nearly ½". This is presented in figure 1-78 and
figure 1 -79.
The edges of the bumper cover near the leading edges of the front fenders showed
the same folding that manifested itself in the 6 mph impacts, but in the 8 mph impacts the
peak of the fold was 7/8" high. This is shown in figure 1-80. This increased peak fold
height and the increased panel gap at the sides of the bumper cover indicated that the
entire bumper cover had been displaced backwards more than it had in the 6 mph
impacts. No evidence of bumper bar assembly displacement was observed, which also
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Figure 1 -75: Paint damage area above the Taurus license plate recess after an 8 mph
impact. Note the impression and chipped paint from the Mazda emblem.
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Figure 1-76: Peeled paint from the lower left edge of the Taurus license plate recess after
an 8 mph impact. Peeled paint was also evident on the right side.
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Figure 1-77: Top view of Mazda bumper cover upper reinforcement bracket after the first
8 mph impact. The displacement can be observed by comparing the position of the hood
release latch (red pointer) to the position of the release latch in the first 6 mph impact
shown in figure 1-69.
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Figure 1-78: Panel gap between right side of Mazda bumper cover and lower leading
edge of right fender after one 8.3 mph impact.

Figure 1-79: Panel gap between left side of Mazda bumper cover and lower leading edge
of left fender after one 8.3 mph impact.
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Figure 1-80: Increase in the fold on the upper right comer of Mazda bumper cover after
one 8.3 mph impact as compared to the 6 mph impact. The increased height of this fold
indicates greater upper reinforcement bracket displacement rearward than was seen in the
6 mph impact.
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indicated that the foam supports had likely been compressed even further, but not enough
to cause more paint cracking on the top face of the Mazda bumper.
As in the Taurus bumper assemblies the actual flexible plastic bumper cover and
bumper reinforcement bar proved remarkably resistant to plastic deformation. The
damage on the Mazda at the 6 mph and 8 mph impacts seemed to appear at the points
where the Mazda bumper cover was attached to the weaker and less structurally rigid
sheet metal of the exterior body, such as the leading edges of the front fenders and the
thin stamped metal frame that attached the top rear edge of the Mazda bumper cover to
the bumper reinforcement bar. The reinforcement bar on the Mazda was a yellow plastic
reinforced fiberglass structure as compared to the stamped and folded boxed steel beam
of the Taurus, but both the Taurus and the Mazda bumper reinforcement assemblies did
not show the slightest displacement or plastic deformation at the conclusion of the 8 mph
impacts. As stated, the Mazda bumper was displaced more than it was damaged, and said
damage was only relegated to the paint and the compression of the foam support. Also,
the paint damage was not obvious or even objectively measurable until powdered
guidecoat had been applied to the paint on the bumper cover.
This is not to suggest that there was no damage to the rest of the Mazda, however.
As mentioned, the 8 mph impacts were severe enough to cross the threshold at which the
Mazda's grill impacted the Taurus bumper above the Taurus license plate recess with
sufficient force to damage the paint deeply, and the Mazda emblem chipped the paint off
the Taurus bumper. The corresponding damage to the grill and hood of the Mazda was
significant and undeniable. The grill of the Mazda is contained in the forward portion of
the hood, and when the contact occurred with the Taurus bumper, the grill was literally
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squashed into the hood opening after the first contact and had to be pulled out for the
second and third impacts. The forward facing flat portion of the hood which contained
the grill was also significantly bent inward towards the radiator support, and this also had
to be bent back out and straightened as best it could be for the subsequent second and
third 8 mph impacts. This also had the effect of closing the gap between the top of the
bumper cover and the bottom edge of the hood where the hood release was located,
necessitating the use of a long, thin flat-blade screwdriver to trip the hood latch to open
the Mazda hood. The point of this passage is that while the 6 mph impacts did not affect
the grill or the Mazda hood after even five cumulative impacts, a single 8 mph impact
caused major damage to the hood and grill of the Mazda. The resulting damage to the
forward portion of the Mazda's hood would necessitate the replacement of the hood if the
car were to be fixed at a later time. The front of the Mazda's hood and the grill after the
three 8 mph impact are presented in figure 1-81 and figure 1-82.
No fasteners on either the Mazda bumper or the Taurus bumper became loosened
or were broken loose during any of the impacts, including the 8 mph tests. The fastener
that was removed from the upper bracket on the Mazda was left out for the remainder of
the 6 mph testing, but the bracket was pulled back into shape and the screw was replaced
for the 8 mph impacts.
The reason that only three tests were run at the 8 mph level is that the
transmission in the Mazda shifted into reverse during the impact of the third 8 mph test.
This did not seem to affect the post-impact speed of the Mazda, but the car was resistant
to movement after the transmission damage occurred. There were a number of factors
that combined to cause this failure. The primary cause was that the gearshift lever is
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Figure 1-8 1: Right front view of the Mazda hood and grill after all three 8 mph impacts.
The hood and grill looked the same after the first 8.3 mph impact, in which the hood and
grill had to be bent back out for the second impact. The same procedure was performed
after the second impact also.
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Figure 1-82: Left front view of the Mazda hood and grill after three 8 mph impacts.

395

console mounted and that the shift pattern is a straight-line motion forward and backward
with no significant detents or change in pattern to shift from Neutral to Reverse. All of
the 2, 4, and 6 mph impacts were run with the Mazda engine idling and the transmission
in Neutral as the Mazda rolled down the slope and impacted the Taurus, and it is thought
that the rotation of the torque converter in addition to the level of negative acceleration
experienced in those impacts was not enough to jolt the transmission shifter on the
console out of Neutral. The Mazda engine, however, did have a cracked vacuum line
which occasionally allowed the vehicle to stall when it was idling, and this problem was
exacerbated during the first 8 mph impact to the extent that the Mazda stalled during the
impact. In the second 8 mph impact the Mazda engine again stalled, and this time it
would not stay running without constant feathering of the accelerator pedal. The car was
able to be backed up the acceleration slope once more, but stalled as soon as the
accelerator was released. The third 8 mph impact therefore occurred without the Mazda
engine running, and it is thought that the inertia of the shift lever in the center console
moved the lever from Neutral to Reverse during the collision. There was also no power in
the vehicle after the collision, and a check of the battery terminals showed that one of the
battery cables had lost contact with the battery post during the impact as well. This was
likely because the battery cables were only snugged onto the battery terminals, because
the intermittent use of the vehicles had resulted in dead batteries on a few occasions early
in the testing and the battery cables were removed from the battery posts between testing
cycles.
The net result of the shift lever moving into Reverse during the impact sequence
was a transmission that was locked somewhere between Reverse and Park. A check
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underneath the car showed that all the fluid had leaked out, the result of the transmission
case being cracked during the traumatic event. Broken rubber and metal pieces from the
transmission were also observed under the car. The death of the transmission is audible
on the soundtrack of the video of the testing as well, and can most closely be described as
an overloaded washing machine with an unbalanced load during the spin cycle. Attempts
to make the transmission shift into neutral again were not successful, and when the car
was pushed from the front or rear, it would roll about a foot before the broken
transmission arrested the rolling motion. A 1987 Toyota Landcruiser was then chained to
the vehicle and was used to pull the Mazda off the concrete apron and into a small
pasture.
The acceleration levels cited in the preceding analysis were calculated through
basic kinematics. Although they are technically the same quantities as those empirically
measured in other published accelerometer-equipped vehicle crash testing, direct
comparison of the two data is not recommended, as the empirically measured quantities
are almost certainly much more accurate and are more representative of the actual
acceleration pulse. The empirically measured quantities contain g-levels for much smaller
discrete time periods that are measured directly with accelerometers and as such can
record peak and average g-levels throughout the sequence. They can also record the
duration of the event with much more precision than was possible with the video analysis
used in this testing. As such, the calculated g-level accelerations presented for the
impacts in this dissertation are intended for within group comparison and not necessarily
comparison to other research. For these same reasons, it was decided that a rigorous

397

statistical analysis of this data would be misleading, and as such none was performed.
The data is reflective of the objective "feel" that each of the tests produced, however.
The noticeable difference in harshness and violence of impact between the four
different impact speeds is reflective of the relationship between energy and velocity.
Superficially such a statement may seem tenuous in light of the 2 mph difference
separating each impact speed range, but energy is a function of velocity squared. This
relationship is concisely apparent in the formula for kinetic energy, where KE = ½mv2.
For a given mass, when the velocity is doubled the resulting energy is quadrupled.

KE1 = ½m (v)2
KE2 = ½m (2v)2 = 4KE1

Thus, the kinetic energy possessed by the Mazda immediately prior to the 4 mph
impact is four times more than the energy the Mazda possessed immediately prior to a 2
mph impact. This is illustrated with even more effect in the comparison of initial kinetic
energy between the 4 mph impacts and the 8 mph impacts. The mean quantity of 83 83 ft
lbs of energy possessed by the Mazda immediately prior to impact in the 8 mph tests is
just over four times the 2082 ft-lbs of energy the Mazda possessed immediately prior to
the 4 mph impacts. It is important to note that this is not reflected in the energy absorbed
by the impact that is reflected in the calculated Ea values presented in the data tables.
That arises from an analysis using the principle of conservation of energy, where the net
loss of the energy of a system is calculated using the MER method. The intuitive
assumption that these energy figures would be the same actually violates the second law
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of thermodynamics. The calculated energy lost in the impact can be approximated simply
by performing a conservation of energy analysis of the differences in velocities of the two
vehicles prior to and immediately after impact, and this number is close to the calculated
energy absorbed from MER theory. All energy losses calculated using this method were
within a few percent of the energy losses calculated by the MER method. The differences
between the expected energy agreement and the actual calculated energy values arise
from external forces acting on the vehicles during the collision and viscoelastic losses
from the deformations of the bumpers themselves. What can be stated with certainty is
the initial kinetic energy of the Mazda carried into the system will always be greater than
the measured energy coming out of the system.
The applicability of the methodology presented in this dissertation will be
discussed in the next chapter, but the challenge is now to interpret the data and determine
the best way to extract the utility of the data. The numerical metrics provide objective
verification of the methodology, but combining photographs with the data conveys a
better understanding of the overall relationship that has been established. Multiple
photographs from every impact are presented in the appendix of this work, but the
challenge is to create a concise damage analysis methodology that can be used to estimate
the kinematic parameters of a collinear low speed rear impact between two vehicles
equipped with painted foam supported flexible plastic bumpers other than the two
vehicles used in this research. This methodology can then be used to evaluate specific
combinations of vehicles and establish tables of data for specific vehicle models, much in
the same way that crush coefficients are published for specific vehicles from
instrumented crash testing in order to compute Equivalent Barrier Speed estimates from
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vehicle deformation. Such a methodology is presented in the next chapter, and it is this
methodology that forms the basis of the Fascia Damage Methodology that is referred to
in the title of this dissertation. A proposed chart that relates the damage metrics to impact
vehicle closing speed and struck vehicle delta-v is also presented as a tentative means of
cataloging the recorded data from such fleet testing for specific vehicle impact
combinations.
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CHAPTER 2

Conclusions

This dissertation has attempted to provide a methodology and concise scale that
can be used to quantify the kinematic behavior of two vehicles equipped with painted
flexible foam supported bumpers that have been involved in a collinear low speed rear
impact. A discussion of the nature of cervical injury that is often experienced by the
occupant of the struck vehicle was presented in the first part and actual vehicle crash
testing was conducted in the second part to validate and establish the methodology that
can be used to determine vehicle kinematic parameters based on bumper paint damage. A
proposed bumper paint damage scale is provided for the Ford and Mazda impact. This
methodology and damage scale would need to be replicated for other vehicle
combinations as future research, much in the same way that NHTSA evaluates different
types of vehicles in its New Car Assessment Program (NCAP) tests.
The linear relationship between bumper paint damage contact area and struck
vehicle delta-v is significant. If verified for other vehicle combinations in future research,
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this phenomenon would allow the number of impact speeds evaluated to be reduced from
four (as used in this research) to two. Two data points at two different impact speeds
would then yield the information required to mathematically model the damage versus
speed relationship and allow a linear function to be constructed that allows extrapolation
and interpolation to other speeds based on measured damage patterns.
This work is not intended to be a universal panacea for all aspects of low speed
rear impacts, nor is it intended to address the biological cause of whiplash injury. It does
not establish a scale of bumper damage for every single foam supported bumper
equipped vehicle in existence, and the caveats associated with applying this research to
other real-world impacts have been addressed in the preceding chapter.
This work did establish that increasing paint damage area on painted flexible
plastic foam supported bumpers can be positively correlated to the delta-v of the struck
vehicle if both vehicles involved in the collision are equipped with similar painted
flexible plastic foam supported bumpers and the collision is collinear between the front of
one vehicle and the rear of the other. For these same conditions, this dissertation research
also established that paint damage area is related to the closing speed between the two
vehicles at impact. It also established that minor variations in paint film thickness did not
affect the paint damage area.
This dissertation also introduced and validated the use of guidecoat powder on
bumpers that had been subject to impact in order to reveal and contrast the damage that
had occurred to the paint during the impact.
The use of digital video to measure the speeds of the vehicles produced
acceptable results. Using two different video editing software programs helped determine
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the displacements of the vehicles with respect to time to more accurate degree than only
using one did, because if the results of the specific analysis were substantially different
between programs, it was a clue that measurement error could have occurred which
prompted a re-evaluation of the vehicle displacement.
The use of the contact light switch worked very well in the 2 and 4 mph impacts
as a measure of contact duration, but it was observed that the lag time for the
incandescent filament became more noticeable as impact speeds increased. This required
using a frame-by-frame analysis of the bumpers of both vehicle to determine impact
duration of the vehicles in the 6 and 8 mph tests, and a re-evaluation of the impact
durations in the 2 and 4 mph tests to verify agreement between the light bulb indicator
and the vehicle contact at those speeds. This was not a problem, as the contrast and
quality of the video allowed enough detail to be seen to accurately judge the bumper
contact, but the limitation of the video frame rate of 30 frames per second was not fast
enough to allow a duration precision of more than 30 ms to be achieved. The duration
results agreed with those of other published impact tests such as those conducted by
Siegmund, McConnell, and Szabo and Welcher, and the general decrease in duration with
increasing vehicle impact speed was consistent with their results as well. It should be
noted that the light bulb filament did not noticeably illuminate in any of the 8 mph tests,
but the reason for this is unclear. Video footage shows the vehicles in good alignment,
and analysis of the Taurus bumpers post-impact showed the Mazda emblem from the
center of the Mazda grill to be nearly on the center of the Taurus bumper, and certainly
within the area of the contact plate and switch on the vehicles. Observation of the 8 mph
impacts shows the light bulb mount visibly tipping over during the impact, and this might
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have some relation to the lack of illumination. It did not affect the duration measurement.
If further testing is performed, however, a sturdier and more secure mount should be
used, and an LED device should be used instead of an incandescent bulb.
The unexpected stability in the coefficient of restitution during the entire testing is
thought to be a function of the viscoelastic properties of the bumper assemblies. The
nature of the impacts was very similar to that of a spring being compressed and then
instantly released. The inertia of the Taurus appears to keep it in place while the bumper
deformation occurs to both vehicles, but then the Taurus seemed to launch itself off the
Mazda instead of merely being accelerated up to speed during the contact duration. This
is only observable during the video footage of the testing.
The result of this compression and release was that the Taurus bumper was not
subjected to plastic deformation. The launch of the Taurus off of the Mazda is interesting
to witness, but the potential for occupant injury in the vehicle is of greater concern. It
may be that the compression and release of these types of bumpers results in an
acceleration profile that may be more harmful to the cervical spine of the struck vehicle
occupant than is currently thought, but further testing using instrumented occupants needs
to be performed to address this possibility.
This dissertation research, however, is not attempting to contribute to a better
understanding of whiplash injury. The discussion of WAD is relevant only to the extent
that the delta-v of the struck vehicle relates to other research which has correlated
occupant kinematics, and the potential for cervical injury, to struck vehicle delta-v. The
mean delta-v levels of the struck vehicle in this research for the 2, 4, 6, and 8 mph
impacts were 2.0, 3.2, 4.5, and 6.3 mph, respectively. Referring to other published
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research presented in Chapter 5 and Chapter 9 of Part I shows that struck vehicle delta-v
levels of approximately 4 to 5 mph produce short-term WAD symptoms such as cervical
discomfort and headaches, while struck vehicle delta-v levels of around 8 to 9 mph can
produce longer-term WAD symptoms and possible cervical extension injury for healthy
subjects with normal spine conditions. Susceptibility to injury also increases with pre
existing spinal abnormalities but the exact relationship is still not definitively understood.
Most of the research mentioned above did not involve vehicles equipped with flexible
plastic foam supported bumpers, but this is only significant if further research indicates
that the acceleration pulse is somehow changed in vehicles equipped with these types of
bumpers due to some unknown mechanism such as the one suggested previously
regarding the nature of the Taurus launching off of the Mazda's bumper. In the absence
of such a documented effect, and looking only at the resulting delta-v that the struck
vehicle experiences, and given this information from the aforementioned research, and
the information learned from the testing in this dissertation, it is possible to set forth some
scale of probable occupant symptoms based on bumper damage as it is presented in this
dissertation. The resulting struck vehicle delta-v scale is combined with one relating
bumper damage to impact speed to arrive at a tentative completed Fascia Damage Scale
as presented in figure 2- 1 and figure 2-2.
As mentioned previously these scales are not intended to be applied to impacts
between vehicles other than a Mazda 929 and a Ford Taurus of similar body styles. The
format of the scale is submitted as a possible means of data tabulation that should
eventually be applied to other specific vehicle tests in order to create a database of
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Figure 2-1: Proposed Fascia Damage Scale relating bumper damage to closing speed.
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Figure 2-2: Proposed Fascia Damage Scale relating struck vehicle delta-v to bumper damage.

6.3 mph

bumper damage and struck vehicle delta-v linear functions for different vehicle-specific
impacts.
The end product of this dissertation research was the establishment of a fascia
damage methodology that incorporates not only the paint damage area of the struck
vehicle but other characteristics of the bumper damage as well. The paint damage area is
used in conjunction with these other characteristics to provide a framework in which a
reasonable estimate of the kinematic parameters of the vehicles at impact can be
achieved. The applicability of this fascia damage methodology to real-world impacts
demands esoteric paint knowledge and experience, and further research is needed to
establish the data bank of mathematical models that will reflect other vehicle-to-vehicle
impact combinations equipped with different foam supported flexible plastic bumper
shapes and sizes.
An enormous amount of work was invested in order to obtain the data that is
presented in this dissertation. A superficial reading of this work leads to the impression
that the layperson can obtain some graphite powder, some gridded vellum, and proceed to
attempt to measure the damage area on a given painted flexible foam supported bumper
cover, then take his or her newfound results and compare them to the damage areas in
this work and testify in a court of law about the kinematic behavior of the struck vehicle.
It is possible that such an analysis might produce accurate results, but differences in
vehicle bumper shapes and sizes would necessitate the additional testing of the actual
vehicles in question to ensure that the results were valid. As such, the primary benefit of
this work for the scientific community is the establishment of the methodology that is
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required to perform such testing for other vehicle impact combinations. A general outline
of the testing methodology is provided below.

1 . Obtain exemplar test vehicles.
2. Obtain at least one additional undamaged bumper cover for the struck vehicle.
3. Refinish the two struck vehicle bumpers and the single striking vehicle bumper to
OEM specifications.
4. Align vehicles in a collinear manner using guide tracks or a contact switch to achieve
centerline alignment of vehicles.
5. Obtain a suitable test area with an inclined ramp for accelerating the striking vehicle
and use some type of measurement scale to establish a zero point where the vehicle
impact will occur.
6. Use video recording and the measurement scale to establish the distance up the
inclined ramp the striking vehicle will need to be released from in Neutral in order to
achieve the desired low-end speed to provide the bottom data point for the linear
function. This is essentially calibrating the striking vehicle's speed at impact.
7. Repeat Step 6 for the high-end speed to obtain the upper data point for the function.
8. Position the vehicle to be struck on the test area with the rear of the bumper at the
zero point of the scales and in the center of the video device viewfinder.
9. Align the front of the striking vehicle with the rear of the vehicle to be struck.
1 0. Release striking vehicle from the lower elevation to conduct the low speed impact
first. Both vehicles should be in Neutral. Record the impact with the video device.
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1 1 . Remove and safely set aside the bumper of the struck vehicle and install the other
refinished bumper.
12. Realign the vehicles and repeat the impact by releasing the striking vehicle from the
higher elevation to obtain the upper speed data point.
13. Remove the struck vehicle bumper and safely set aside.
1 4. Use powdered guidecoat to illuminate the bumper contact damage on both of the
struck vehicle bumpers. Note any evidence of tom paint, striking vehicle emblem
imprint, and radial cracking.
15. Trace and measure the surface contact area using gridded vellum.
16. Use the contact damage area and struck vehicle delta-v as measured from frame-by
frame analysis of the video of the impact to create a linear function (y= mx + b)
between those two parameters.
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CHAPTER 3

Areas for Further Research

Some specific needs requiring further research has already been mentioned in the
preceding chapters, but a brief summation will be presented again here. The most obvious
need is the evaluation of other vehicle types in low speed impacts using the methodology
developed and presented in this dissertation. The construction of a database that allows a
consistent and much more accurate and precise determination of impact speed and struck
vehicle delta-v in collinear impacts below I O mph would be very valuable to the crash
reconstruction community and possibly the medical community as well. Next on the list
of further research areas would be additional crash testing that attempts to determine the
limits of applicability of the methodology presented in this dissertation to real-world
crashes. An example of this would be further impact testing using vehicles that are
equipped with similar flexible plastic foam supported bumpers of shapes that are different
from the bumpers used in this testing. This is especially relevant in cases involving struck
vehicle bumpers that do not have the license plate recess as used in this testing but rather
41 1

have a solid continuous bumper face exposed to impact. In this same line of thought is
that this methodology should also be tested with respect to dark bumper colors using
light-colored guidecoat powder to verify that the procedure works in those situations as
well, although there is no evidence to suggest that it should not. Also, although the paper
by Anderson et al (9) evaluated low speed impacts in which the struck vehicle was being
normally braked and this was found to have little influence on the resulting vehicle
kinematic parameters, testing should be conducted to attempt to quantify what, if any,
difference in paint damage occurs in this situation. Finally, further actual vehicle crash
testing should be conducted using the same detailed instrumentation that has been used in
previous crash testing with vehicles equipped with rigid and energy-absorbing bumpers,
such as that performed by Szabo and Welcher and Siegmund et al. Their research needs
to be extended to vehicles equipped with painted flexible foam supported bumpers to
fully verify that the acceleration impulses are the same, even in light of some testing by
these same researchers that indicates the pulses are not substantially different for vehicles
using older types of non-flexible foam supported bumpers.
The intent of this research was to correlate paint damage on flexible plastic foam
supported bumpers with struck vehicle delta-v and striking vehicle closing speed. This
struck vehicle delta-v can then be correlated with a likelihood of struck vehicle occupant
injury using existing published research.
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Figure A-1: TBS from Test 1.

Figure A-2: TB4 from Test 2.
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Figure A-3: TB2 from Test 3.

Figure A-4: TB I from Test 4.
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Figure A-5: TB3 from Test 5.

Figure A-6: MB1 from Tests 1-5.
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Figure A-7: TBl from Test 6.

Figure A-8: TB2 from Test 7.
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Figure A-9: TB3 from Test 8.

Figure A- 1 0: TB4 from Test 9.
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Figure A-1 1: TBS and from Test 10 and MB2 from Tests 6-10.

Figure A- 12: Left side of TB2 from Test 11.
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Figure A-13: Right side of TB2 from Test 1 1.

Figure A-14: Left side of TB5 from Test 12.
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Figure A-15: Right side of TB5 from Test 12.

Figure A-16: Left side of TB4 from Test 13.
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Figure A-17: Right side of TB4 from Test 13.

Figure A-18: Left side of TB1 from Test 14.
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Figure A- 19: Right side of TB1 from Test 14.

Figure A-20: TB3 from Test 15.
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Figure A-2 1: MB 1 from Tests 1 1- 15.

Figure A-22: TB4 from Test 16.
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Figure A-23: TB5 from Test 17.

Figure A-24: TB3 from Test 18.

452

Figure A-25: MB2 from Tests 16- 18.

Figure A-26: Thunder, my black lab, and the end of the Mazda.

453

VITA

Bryce Anderson began his engineering studies at the University of Tennessee,
Knoxville, in the fall of 1992. He received his Bachelor of Science degree in Industrial
Engineering in the spring of 1997. He received funding from the United States
Department of Energy for his Master of Science thesis, which included research at Oak
Ridge National Laboratory, and was awarded his Master of Science degree in Industrial
Engineering with a concentration in Human Factors in the fall of 2000. After a short
period of working for a military contractor he returned to school to pursue his Doctor of
Philosophy with a concentration in Industrial Engineering and a research focus on
automobile crash reconstruction. He received partial funding during his doctoral program
from the Engineering Fundamentals Division at the University of Tennessee, where he
taught statics and dynamics for several years. During his doctoral program he tested for
and received accreditation as a crash reconstructionist (ACTAR #1623). He divides his
time between private research, reading good books, and pursuing the perfect paint job.

455

4502 4346 1 l ('J

17/21/16

tll3 '

